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Abstract

For the first time in human history the global atmospheric CO, concentration has
surpassed 400 ppm and is projected to reach 600-800 ppm by A.D. 2100. A positive
feedback in average global temperatures relating to an increase in CO, levels in the
upper atmosphere has been well-documented. With a global warming potential 25
times that of CO, over 100 years, CH, is also considered to be a significant green-
house gas. Understanding and managing the exchange of CO, and CH, between the
geosphere and atmosphere as a part of the global carbon cycle is consequently an

important geotechnical engineering challenge of the 215 Century.

A conceptual model of ground gas dynamics in the near-surface was developed with
wider implications for the geotechnical engineering industry activities in the near-
surface and deep subsurface. Evidence was collated from historic gas monitoring
data, high temporal frequency gas monitoring data, stable isotope analysis, and
modelling and measuring gas transport mechanics in order to compile a conceptual

model.

Historic ground gas monitoring of landfill sites provided an extensive data resource.
Routine point measurement of CH, and CO, in the sub-surface has not enabled gas
transport mechanisms to be fully understood. Emission events may be overlooked
by this method. By monitoring gases at high temporal frequency (up to every three
minutes) this study has attempted to resolve the relationship between ground gases
and the atmosphere. As a result, barometric pumping was proven to be a major

control on CH, and CO, emissions from the near-surface.

Data yielded from a high temporal frequency gas monitoring campaign in 2013,
showed that an average pressure gradient of —0.7 mbar/hr was sufficient to induce a
gas release from the near-surface comprising 40.1% CH, and 7.9% CO,. The cycling
of air and ground gases was shown to be rapid, often occurring over three hours
or less. Crucially, only air was present in the test borehole for 70% of the period

indicating the fragility of point measurement strategies.



Gas source is an important aspect of regulation. For sites with multiple anthro-
pogenic environments and /or complex geology could have multiple ground gas sources.
In the event of gas emission or leaks, liability is critical. Stable isotope ratio analysis
was used to differentiate between biogenic and thermogenic gas sources. Gases were
sampled from municipal landfill sites in Greater Manchester and Cheshire, UK, that

indicated multiple gas sources.

Landfill flare gas CH, yielded 36Ccq , —65.0%0 and 6Dcn, —319%0 while perimeter
monitoring wells produced *0Ccy, —55.0%0 and 0Dcu, —173%0 which compared
with mineshaft vent gas CH, which yielded "*6Ccn, —50.5%0 and dDcy, —208%o.
This suggested that CH, originating from underlying Coal Measures had been trans-
ported via the weathered top-surface of the bedrock or via a fault and had mixed
with landfill gas in the perimeter monitoring wells. At the Greater Manchester site,
gas sources were differentiated and it was proven that coal gas was an environmental

hazard in the locality.

Gas transport was modelled by diffusion using Fick’s Law. A novel approach to
measuring gas transport was conducted using a specially designed ‘artificial bore-
hole’ experimental apparatus. A closed-system, the artificial borehole data indicate
that gas transport was diffusive when subject to an additional 50 mbar pressure
in addition to ambient pressure. Fick’s Law was shown to predict CO, diffusion
transport curves between t = 0 and t = 4 hr. Diffusion was shown to be an ef-
ficient process initially. However, the data did not fit the model after t = 24 hr
and uniform concentration was achieved through the apparatus at t = 168 hr (1
week). Consequently, advective transport may supersede diffusive transport. When
the apparatus was sand-filled, the data showed that diffusion efficiency was reduced

due to an increase in tortuosity of CO, transport path.

These components were used to develop a widely-applicable conceptual model of
ground gas dynamics in the near-surface. The data presented here have far-reaching
implications for industry, policy makers and regulators; particularly concerning hy-
draulic fracturing (‘fracking’), and carbon capture and storage (CCS). The method-
ology for high temporal frequency gas monitoring is recommended to establish base-
line gas concentration, establish the effect of industry on the natural system and
to detect and quantify any leak and migration of CH, and CO,. Combined with
knowledge of site geology it should be possible to predict lateral gas transport in

the near-surface environment.
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Chapter 1

Introduction

1.1 Carbon Dioxide and Methane Gases in the

Environment

Understanding the gas exchange of carbon dioxide (CO,) and methane (CH,) be-
tween the geosphere and atmosphere is of paramount importance to managing future
human-made emissions of these gases. Since the advent of industrialisation in the
18" Century, human activities have caused atmospheric concentrations of CO, to
increase at an accelerating pace. The pre-industrial concentration of atmospheric
CO, was 280 ppm and subsequently increased to an excess of 390 ppm by the early
215 Century (Solomon et al., 2007). As recently as 2013, the daily atmospheric CO,
concentration was recorded at 400 ppm for the first time (Jones, 2013). The global
CO, concentration is projected to reach between 600 and 800 ppm by A.D. 2100
(Solomon et al., 2007).

A well-documented association has been established between the rise in CO, lev-
els in the Earth’s atmosphere and global climate change. Practical effects resulting
from extraction and burning of fossil fuels include an increase in extreme weather
events such as heat waves, droughts, heavy rainfall, flash flooding, and global sea
level rise (Hansen et al., 2016). Owing to the persistence of CO, in the atmosphere
over thousands of years (Archer, 2005), undesirable effects of climate change may
irreversibly be locked-in. Owing to its longer residence time in the upper atmo-
sphere, CH, has a global warming potential 25 times that of CO, when compared
over 100 years (Scheutz et al., 2009). Additionally, CH, possesses a stronger molar
absorption coefficient for infrared radiation than CO, (Solomon et al., 2007).

The Kyoto Protocol (1997), an international treaty with the aim of reducing
greenhouse gases in the atmosphere, was estimated to cost the UK in 2010 between
£6.2 billion (1.1% GDP) and £17.4 billion (3.1% GDP) with respect to its com-
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2 CHAPTER 1. INTRODUCTION

pliance with its 2012 emissions target (Jones, 2008). In December 2015, the Paris
Agreement was sealed by the United Nations Framework Convention on Climate
Change (UNFCCC) and was opened for signatories on 22°¢ April 2016. An ex-
tension of the Kyoto Protocol, its focus is to accelerate and intensify the actions
and investments required for a sustainable low carbon future. Governments agreed
to ensure a global average temperature below 2°C above pre-industrial levels and
aimed to limit the increase to 1.5°C (to significantly reduce the risks and impacts of
climate change). Governments also agreed that global carbon emissions should peak
as soon as possible, and to undertake rapid reductions thereafter in accordance with
the best available science (European Commission, 2016). With a target to reduce
carbon emissions by at least 40% by A.D. 2030, in March 2015, the EU was the first
major economy to submit its intended contribution to the new agreement (European
Commission, 2016). Not only does curbing global CO, emissions present a major
environmental challenge for the 215 Century, it also requires a significant political

and economic impetus.

A key unknown in CO, accounting is the gas exchange between the soil (defined
here as the unsaturated zone, thus encompassing unconsolidated deposits as well
as biologically-active soils) and the atmosphere. Figure 1.1 clearly demonstrates
the environmental challenge. Over the ten year period 2005-2014, net atmospheric
growth of CO, was 16 £ 0.4 Gt C/yr (Le Quéré et al., 2015).

Global carbon dioxide budget

(gigatonnes of carbon dioxide per year)
2005-2014

Fossil fuels & Atmospheric
industry growth d Land sink
330+18 160+ 0.4 landuse 100,59

change
34+18

Ocean sink
95+1.8

© G, . N

Oesig Gy Geological
by the erdjec i

< 165"t 2075 reservoirs

Data: CDIAC/NOAA-ESRL/GCP

Figure 1.1: Global Carbon Dioxide Budget 2005 — 2014 (from Le Quéré et al. (2015))
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The atmospheric carbon pool is 750 Gt C while organic carbon to a depth of
1 m amounts to 1,500 Gt C (Schlesinger and Andrews, 2000). Additionally, land-
plant biomass accounts for ~ 500 Gt C (Smith, 2004), mostly below ground within
root systems. This combined terrestrial plant-soil system has a resultant annual
120 Gt C exchange with the atmosphere (Smith, 2004). By comparison, the oceans
dominate as a carbon reservoir at ~ 39,000 Gt C (Batjes, 1996). However, the
net exchange with the atmosphere is only 90 Gt C/yr (Schlesinger and Andrews,
2000). Consequently, the soil-carbon pool has the potential to be more reactive
in the short-term as it can more readily be influenced by human activity through

management of land use.

To understand gas exchange between the geosphere and atmosphere, it is essen-
tial that the knowledge-base of ground gas dynamics is enhanced and expanded.
The identification and quantification of baseline conditions along with natural and
anthropogenic feedbacks to baseline conditions are key parameters in understanding
the exchange of CO, between the geosphere and atmosphere. As the carbon ter-
restrial sink arguably presents the greatest potential to be engineered to mitigate
against rising atmospheric CO,, levels, it is crucial to understand the mechanisms

that form this component of the global carbon cycle.

Gas is a natural component of the geological subsurface, occurring within rock
pores and fractures, and migrating in response to pressure gradients (i.e. generally
to the surface, unless trapped). Geological gases have a wide range of compositions,
depending on their origin. CO, and CH, are formed naturally as a consequence of
the decomposition (diagenesis) of organic matter within sediments and sedimentary
rocks. In deep sediments, if geological factors are right, these gases accumulate in
reservoirs which form the target of petroleum exploration. Unconventional sources
of natural gas include shale gas, tight gas and coal bed CH, (McGlade et al., 2013).
Production from these sources may require artificial fracturing, and there are con-
cerns that ‘fracking’ may cause gases to leak to shallow groundwater systems or to

escape to the atmosphere through the soil (Davies, 2011; Davies et al., 2012).

In addition to considering geological gas as a resource, Carbon Capture and Stor-
age (CCS) procedures require injection of CO, into deep formations where it is to be
stored (Bachu, 2003; Bachu et al., 2007; Eccles et al., 2012). Endorsed by the Inter-
governmental Panel on Climate Change (IPCC) and the UNFCCC (D’Alessandro
et al., 2010), underground storage in aquifers and deep formations is technically
feasible and under favourable conditions, CO, may be retained for millions of years
(Abu-Khader, 2006; Wilson et al., 2003). Nonetheless, there are accompanying risks
of leaks as well as blowouts that can endanger human life (Wilson et al., 2003). Ad-
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ditionally, pumping CO,, into deep geologic formations at high pressure may induce
minor earthquakes as well as contaminating local groundwater stocks (White et al.,
2003).

In this context, there is a need to understand the initial ground conditions to
relate any perturbations incurred from engineering activities. Furthermore there is
a need to detect and monitor any displacement of ground gases to enhance public
perception and acceptance of these geotechnical engineering enterprises. Therefore,
the development of methodologies and strategies to accurately detect and measure
CH, and CO, in the unsaturated zone originating from deeper geology is a key
environmental concern. The value of studying this compartment of the land carbon
sink is particularly important when considered in the wider global carbon cycle and

climate forcing resulting from atmospheric growth of CO,.

The Research Gap

In the context of the hydraulic fracturing and CCS industries, there is a clear need
to identify baseline ground conditions before engineering works begin. Work into the
development of detection, measurement and quantification of CH, and CO, ground
gases is required. Furthermore, research is required to determine the period of time
that best establishes baseline conditions. Once baseline conditions have been confi-
dently characterised, any changes to the system during and after engineering works
may readily be identified. The on-going monitoring of these facilities is essential for
a positive public perception and approval.

Further enhancement of the understanding of the dynamic ground gas regime
may be achieved through the determination of gas transport mechanics. A robust
methodology is required to test these dynamics. This could be used to predict
changes to the ground gas regime on geologic time-scales and ultimately the hazard
posed by ground CH, and CO, for a given locality.

Importantly, there are differing schools of thought on the terrestrial carbon sink:
soil scientists concerned with the top metre of organic material and geotechnical
engineers concerned with the deeper geology. Each prioritise the factors that control
CH, and CO, exchange between the geosphere and atmosphere differently. Also, the
time-scales examined by soil scientists may be diurnal, weekly, monthly or seasonal
as opposed to geotechnical engineers that may be examining changes over thousands
of years. Therefore, there is a need to review and link the perceptions between these

schools of thought.
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1.2 Aim and Objectives

The aim of this research was to develop a widely-applicable conceptual model that
characterises the source, lateral transport and hazard of naturally occurring CO,, and
CH, along with CO, and CH, contained within engineered environments such as
municipal landfills in the near-surface. It was an ambition that the conceptual model
should be able to characterise baseline conditions and predict flux of CO, and CH,
from the unsaturated zone in response to natural and anthropogenic perturbations
to the system.

The specific research objectives were as follows:

e To undertake a literature review encompassing the chemical, physical and
hazardous properties of ground gases; sources of ground gases; gas migration
and emission; and historic incidents of gas emissions;

e To establish a baseline of CO, and CH, concentration in the near-surface
ground gas environment and natural variations in response to meteorological
conditions;

e To analyse historical data for sites in NW England of comparable geologies
that overlie the Bowland-Hodder Shales where shale gases may be exploited
in the future and extend these data sets forward to gain a comprehensive
understanding of baseline conditions;

e To capture and interpret high temporal frequency gas monitoring at municipal
landfills for which historic data point-measurement data exist;

e To develop methodologies for high temporal frequency ground gas monitoring
for municipal landfills that could be applied to other engineered environments;

e To sample landfill gases from municipal landfill sites with suspected multiple
gases sources and analyse by stable isotope ratios to determine gas origin.
Subsidiary objectives relating to stable isotope analysis were:

— To compare methodologies of stable isotope analysis;
— To determine the effective storage time of samples kept in evacuated
containers;

e To investigate the mechanics of gas transport in the near-surface ground gas
environment by undertaking a series of laboratory-based experiments that syn-
thesise conditions encountered at the research municipal landfill sites, and;

e To develop and design a widely-applicable ground gas conceptual model out-

lining source, migration and hazard based upon the findings of this research.
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Scope of Research

The data presented in this thesis are not intended to be an exhaustive collation
of the available historic and current ground gas data. Only data originating from
municipal landfill sites was examined. Data from other engineered environments
such as abandoned mine shaft vents, carbon sequestration sites, hydraulic fractur-
ing sites, etc, were not considered. An emphasis was placed on the research and
development of existing and new methodologies for the detection and measurement
of ground gases. In this endeavour, the establishment of longer term trends was
confined to the finite resources of this project. The monitoring of ground gases was
curtailed by the availability of equipment and the time constraints of the research.
Novel data presentation approaches were developed to ease interpretation and com-
parison between different borehole characteristics and between different sites. Gas
transport mechanics were modelled on the assumption of diffusive flow according
to Fick’s Law. However, other mechanistic and statistical approaches could have
been adopted or examined. These are also outside the scope of this research. It was
intended that once the methodologies presented in this thesis had been established

and refined, that they could be used to expand the database in future research.

1.3 Thesis Structure

Chapter 2 — Literature Review

This thesis begins with detailing the literature concerning ground gas hazards,
sources, migration and emission risks along with case studies of historic incidents of
uncontrolled ground gas release that have resulted in damage to property, injury or
death.

Chapter 3 — The Research Sites

As was stated in the objectives, the research sites were specifically chosen for their
location within future shale gas exploration in the UK. Their geology is crucial for

examining ground gases and their geologies are outlined in Chapter 3.

Chapter 4 — Review of Historic Gas Monitoring Data

Chapter 4 reviews the historic gas monitoring data from the research sites update
to 30" June 2015. The data were derived from point measurement of ground gases
using portable monitors such as the GA2000 (Geotechnical Instruments (UK) Ltd)
and GFM435 (Gas Data Ltd). Some data sets were 20 years old and provided a



CHAPTER 1. INTRODUCTION 7

useful database. This chapter uses a novel approach to representing multiple gas
concentrations in ternary diagrams to ease interpretation of gas composition. An

initial conceptual model was designed based on these data.

Chapter 5 — High Temporal Frequency Data

Building from Chapter 4, Chapter 5 examines the high temporal frequency data
collected from the research sites. It builds on the conceptual model design ini-
tially proposed in Chapter 4. The high temporal frequency data demonstrated the
‘breathing’ of the ground during sharp falls in atmospheric pressure resulting in the
release of CH, and CO,. These data are related back to the historic gas monitoring

data reviewed in Chapter 4.

Chapter 6 — Determination of (Gas Source

Arising from the historic data review, it was apparent that multiple gas sources may
have been present at one of the research sites. Chapter 6 details a methodology
for sampling of ground gases from monitoring wells, analytical analysis of gases by
GC-MS and compound specific IR-MS. Likely gas sources based on ‘gas signatures’

are deduced from stable isotope ratios.

Chapter 7 — Gas Transport Mechanics

Chapter 7 presents experimental data derived from a ‘artificial borehole’ exper-
imental rig. The rig was designed to simulate a geotechnical engineered borehole
typically used to monitor ground gases and groundwater levels. The aim of the ‘arti-
ficial borehole’ testing was to investigate gas transport mechanics in the unsaturated

zone.

Chapter 8 — Conceptual Model

Adjustments and refinements were made to the conceptual model design based upon
evidence collected from each chapter. A final design is presented and discussed
in Chapter 8. Data were contrasted with data from the existing literature. The
methodologies for gas monitoring presented in this thesis were related to industry
applications with respect to the importance of time-scale and changes in a dynamic
system. An emphasis was placed on the implications arising from the presented data

and the conceptual model for the industrial sector.
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Chapter 9 — Conclusion

A summary of the work conducted in this thesis is given in Chapter 9 along with the
wider implications for industry and recommendations for expansion and progression

of this research in the future.

1.4 Owutline Methodology

In order to meet the objectives of this project, investigations were conducted into
four principal threads of research. Each may be compartmentalised into their own

methodology sections and are summarised below.

Research Sites and Historic Gas Monitoring Data Compilation

Municipal landfills provide useful engineered environments with a plentiful source of
CH, and CO,, gases to research and develop methodologies for quantifying ground
gases. It is these methodologies that could also be applied to the regulation of
hydraulic fracturing and CCS. A requirement of landfill regulation is the monitoring
of ground gases through an array of internal and perimeter monitoring wells. A
range of geotechnical instruments to monitor ground gases is commercially available

for contractors to meet these regulation obligations.

4
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Newcastle upon Tyne

Carboniferous Bowland-Hodder
Unit Outcrop and Sub-Outcrop

Figure 1.2: Location of the Bowland-Hodder Outcrop and Sub-Outcrop within the British Isles and the Position
of the Research Sites within the Future Potential Shale Gas Exploration Area (adapted from Andrews (2013))
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Data derived from routine monitoring of landfill sites form an extensive database
that can be examined and reviewed. In some instances, landfill monitoring data
extend over a 20 year period. Landfill sites were selected due to the presence of a
thick layer of unconsolidated Quaternary deposits where lateral gas transport could
readily be tracked. The majority of the research sites were located within the future
Shale Gas exploration area in the UK (Figure 1.2). Consequently, the research
presented in this thesis is pertinent in the wider context of hydraulic fracturing,
CCS, the global carbon cycle, and mitigation of future human-made CO,, emissions.

The data used in this study have been derived from peripheral monitoring of
landfill sites and similar artificial environments. The variation of landfill gas com-
position within a landfill was not directly considered. Instead, the emphasis was
placed on gas compositions in boreholes designed to monitor possible migration of
landfill gas into the surrounding ground. At these sites there is a regulatory re-
quirement for monitoring ground gases both outside and inside the site, providing
a substantial database that extends many years. Historically, gas composition was
measured in accordance with regulatory requirements using hand-held gas monitors.
Measurements were made using a Geotech UK GA2000 Landfill Gas Analyser until
2012, after which, a Gas Data Ltd GFM435 Landfill Gas Analyser was used.

The graphical approach presents compositional data compared in terms of the
measured CH,, CO, and O, content normalised to nitrogen (assuming N, to be the
balance, i.e. 100 - (¥ CH, + CO, + O,)), in a ternary plot. This allowed the
relative proportions of CH, and CO, to be compared irrespective of any dilution by
air, the O,/N, ratio indicated whether this had occurred and the extent to which
O, had been removed. In a plot of this type, ‘end member’ compositions could be
identified so that an array of observed data points could be explained as mixtures
of gases from different sources. Therefore, the characteristics of one borehole may
be compared with another (Teasdale et al., 2014).

High Temporal Frequency Gas Monitoring Data Capture

GasClam®), developed by IonScience Ltd and distributed through ShawCity Ltd,
is a high-frequency, continuous, fully automated ground gas monitor. It is capa-
ble of a maximum sample rate frequency of every three minutes. Like traditional
hand-held monitors, it measures CH,, CO,, O, as well as H,S and Volatile Organic
Compounds (VOCs). Additionally, it is capable of measuring ambient temperature,
ambient pressure, borehole pressure, pressure difference and water depth. However,
the model used for this research was not equipped with the water depth gauge.

Importantly, the GasClam has been used to monitor ground gas concentrations by
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Cuadrilla Resources Ltd during Shale Gas exploration in Lancashire, UK during the
time-frame of this research (Wadey-Leblond, 2012).

During data capture, the GasClam was set to take a sample of all parameters
every thirty minutes. A major problem with point measurement instruments is the
disruption of ground conditions within a monitoring well. Therefore, the GasClam
was set to vent closed mode, as per manufacturer guidelines. Spent samples were
purged into the borehole. An analysis of the data was produced and contrasted with

the historic point measurement data.

Stable Isotope Analysis of Gas Samples

Gas samples were collected from monitoring wells on research municipal landfill sites
and from abandoned mine shaft vents. Flared landfill gas and mine shaft vent gases
were used as reference gases. Samples were subject to Compound-Specific Isotope-
Ratio Mass Spectrometry (IRMS) analysis. The results demonstrated distinctive
‘isotopic signatures’ depending on gas source, thereby permitting the differentiation

of gas origin.

Simulation of Gas Transport Mechanics

Gas transport was modelled according to Fick’s Law of Diffusion. The modelled
data were used as a benchmark to compare experimental results against. A 3 m
high ‘artificial borehole” was constructed in order to test gas transport mechanics.
Gas standards were injected into a reservoir at the base of the apparatus and the
progress of gas transport was monitored by sampling of gas through sample ports
located at regular intervals up the side of the apparatus. Samples were stored in
12 ml exetainers prior to analysis. The concentration of CH, and CO, at a given
distance from source and at a given time was calculated through GC-MS analysis of
samples. Compilation of results yielded transport curves for specific times after the
start of each experiment. These data were interpreted in the context of diffusion

models.
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Literature Review

2.1 Introduction

This chapter introduces the chemical, physical and hazardous properties of com-
mon hazardous ground gases in the context of this project. It will discuss the
anthropogenic and natural sources of these gases and how they are generated in the
near-surface regime. Strategies for monitoring these gases during ground investiga-
tions and a review of the current literature examining the migration and emission

of ground gases from the vadose zone will also be examined.

2.2 Chemical and Physical Properties of Com-

mon Hazardous Ground Gases

A summary of the chemical and physical properties of hazardous gases commonly
found in the ground that are of importance to this investigation is provided in Table
2.1.

Carbon Carbon Hydrogen

Property Methane L. R i Hydrogen
Dioxide Monoxide Sulphide
Chemical Formula CH, CO, cO H,S H,
Molecular Weight 16 44 28 34 2
Melting Point (°C) -184 Sublimes at -205 -85 -259.14
Boiling Point (°C) -164 -78.5 -191 -61 -252.87
Density (kg/m?3) 0.71 1.98 1.25 1.53 0.085
Solubility in HyO at
25 1,450 21.4 4,100 1.62 at 21°C

STP (mg/1)
Viscosity (Ns/m?2) 1.03x10°® 1.4x107° 1.66x10°® 1.0x10 8.7x1076
Diffusion Coefficient i . -5

f ublzn et 1.5x10° 1.39x107° 196107 at 1.76x1075 6.1x107°
Air (m®/s at STP) 9°C

Table 2.1: Chemical and Physical Properties of Hazardous Ground Gases (adapted from Hooker and Bannon
(1993))

11
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2.2.1 Methane

Methane is a colourless, odourless and flammable gas that occurs naturally in the
environment following the anaerobic degradation of organic material. It is the most
abundant organic compound in the Earth’s atmosphere and is formed in many dif-
ferent environments (Wilson et al., 2006). It has a very low solubility in water at
Standard Temperature and Pressure (STP). Its solubility increases proportionally
with increasing temperature (Buryakovsky et al., 2005). Chemically inert, CH, does
not readily react with other substrates but is known to react violently with chlorine
(Cl,) and bromine (Br,) gases in the presence of direct sunlight at STP.

Due to its absorbance and emission of solar radiation in the thermal range of the
infrared spectrum, it is considered to be an important greenhouse gas. With a global
warming potential (GWP) 25 times greater than CO, over 100 years, its emission
to the atmosphere is considered to be one of the greatest environmental challenges
of the 21%* Century (Nosalewicz et al., 2011; Scheutz et al., 2009). However, with a
lifetime of 1243 years in the atmosphere, the 20-year time horizon GWP value of 56
is a more realistic assessment (UNFCCC, 2015). It is this larger value that authors
such as Howarth et al. (2011) argue should be quoted when referring to CH;, GWP.

2.2.2 Carbon Dioxide

Like CH,, CO, is a colourless and odourless gas. It is used as the benchmark from
which other greenhouse gas GWPs are derived. As such it is assigned a GWP value
of 1. However, its lifetime in the atmosphere is variable, unlike CH, which is more
stable (UNFCCC, 2015). It is formed naturally by aerobic and anaerobic degrada-
tion of organic materials, action of acid water in carbonate rocks, and respiration
of soil bacteria (Hooker and Bannon, 1993). At high concentrations it has a slight
acidic taste. Due to its higher density than air, CO,-rich gas mixtures tend to accu-
mulate in low-lying areas. Unlike CH,, it is non-combustible and is highly soluble in
water. In solution it forms a corrosive liquid as it reacts with water to yield carbonic
acid (H,CO,) as pH values descend below 6.4 (Drever, 1997) (Figure 2.1).

Local variations in atmospheric CO, concentration are known to occur. Ox-
idation and combustion of organic materials and plant respiration will lead to a
localised inflation of CO, concentration. Conversely, photosynthesis of plants can
lead to a localised reduction of CO, concentration. The global atmospheric concen-
tration of CO, has increased from around 280 ppm at the advent of industrialisation
to a present day excess of 390 ppm (Solomon et al., 2007) and is a major greenhouse

gas.
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Figure 2.1: Activities of Different Species in the Carbonate System as a Function of pH (from Drever (1997))

2.2.3 Carbon Monoxide

Unlike CO,, CO is explosive in air. It is produced as a consequence of the incom-
plete combustion of organic materials and is commonly formed after explosions of
flammable gas or coal dust (Hooker and Bannon, 1993). In landfill waste it can also
be produced by the reduction of CO, by nascent H,. It is soluble in alcohol and
benzene (C4Hg) and slightly soluble in H,O. It is a colourless, toxic, flammable,

odourless and tasteless gas.

2.2.4 Hydrogen Sulphide

A colourless gas, H,S has a characteristic, potent, ‘rotten egg’ smell at low concen-
trations (< 1 ppm). However, it becomes odourless at concentrations > 50 ppm due
to anaesthesia of olfactory sense. It is readily soluble in H,O and organic solvents
such as petroleum. Decomposition of sulphur-containing organic matter generates
H,S. It can be found in the vicinity of sewage treatment plants. SO,* -reducing
bacteria obtain energy by oxidising organic matter or H, with sulphates (SO,*")
and produce H,S. This commonly occurs in low-O, environments such as standing
water. Other anaerobic bacteria produce H,S by digesting amino acids containing
SO,* (Appels et al., 2008).
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2.2.5 Hydrogen

CHAPTER 2. LITERATURE REVIEW

A colourless, odourless and tasteless gas, H, is slightly soluble in aqueous and alco-

holic solutions. Although non-toxic, it is combustible. In the ground it is formed by

the chemical reaction between H,O and a finely divided metal (e.g. Al) (Czech and

Troczynski, 2010).

2.3 Hazardous Properties of Ground Gases

A summary of the hazardous properties of common ground gases is given in Table

2.2.
Carbon Carbon Hydrogen
Property Methane L . i Hydrogen
Dioxide Monoxide Sulphide
Flammable, Flammable,
Flammable . . . Flammable
Hazard . Toxic explosive and  explosive and .
and explosive . . and explosive
toxic toxic
Lower explosive or
o Non-
flammable limit (% v/v 5.0 . 12.5 4.3 4.0
L combustible
in air)
Upper explosive or
Non-
flammable limit (% v/v 15.0 . 74.2 45.5 74.0
. combusible
in air)
Work place 8 hour
long-term exposure Non-toxic 5,000 30.0 5.0 Non-toxic.
limit (ppm)
Work place 15 min
short-term exposure Non-toxic 15,000 200 10.0 Non-toxic.
limit (ppm)
. 350
Environmental 140
short-term,
assessment levels for air short-term,
10,000
(ug/m3) 150 long-term
long-term

Table 2.2: Hazardous Properties of Ground Gases (adapted from Hooker and Bannon (1993) and Wilson et al.

(2009))

Gaseous emissions originating from contaminated land or natural sources may

constitute short-term and long-term hazards depending on the gas composition, geo-

logical conditions and proximity to a receptor. Hazards are categorised as: flamma-

bility and explosion risk, physiological effects, odour and plant toxicity and are

discussed blow.
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2.3.1 Flammability and Explosion Risk

The greatest risk posed by CH, is its fire and explosion hazard. It forms an explosive
mixture with air when its concentration is between 5% v/v and 15% v/v (Cashdollar
et al., 2000). Above 15% the flammability of CH, decreases. However, limits of
flammability are affected by the composition of a mixture of gases, strength of
ignition source, temperature, pressure and the nature of the surroundings (Card,
1995). Air has a diluting effect and can cause a gas composition to fall into the
flammable range (Card, 1995).

If O, concentration is reduced, the limits of CH, flammability are reduced. For
example, in air (O, 20.9% v/v) the lower and upper explosive limits of CH, are as
quoted from Hooker and Bannon (1993) above. However, at 13.45% v/v O,, the
lower and upper explosive limits of CH, are 6.5 and 7% v/v respectively (Wilson
et al., 2006). At 13.45% v/v O,, CH, is incapable of propagating a flame (Hooker
and Bannon, 1993).

Carbon dioxide has a similar limiting effect on the flammability of CH,. The
range of volume of CH, which is explosive is narrowed and when the proportion of
CO,, reaches 25% v/v, the flammability of CH, is completely suppressed (Hooker
and Bannon, 1993). If the ratio of CO, to CH, is greater than 3.5, the mixture will
not be flammable if mixed in any proportion with air (Card, 1995).

Hydrogen forms explosive mixtures with air in the range 4 to 75% v/v H, (Cash-
dollar et al., 2000). Due to its low ignition energy and wide limits of flammability,
H, is considered to be one of the most dangerous flammable gases. Likewise, CO
and H,S are flammable over a wide range when mixed in air.

Beresford (1989) states that there are three conditions that must be fulfilled in
order for an explosion to take place: a source of flammable gas or vapour, an enclosed
space in which the gas or vapour can accumulate, sufficient air for a flammable
mixture and a source of ignition. A flammable gas mixture or vapour burns rapidly

when ignited. If confined, the deflagration generates high explosive overpressures.

2.3.2 Physiological Effects

Physiological hazards of chemicals are dependent on the toxicity, degree, nature and
length of exposure. Detrimental effects may occur on both short-term and long-
term time-scales. Local effects are produced at the point of contact with the body
whereas systemic effects are those produced by the chemical or its metabolites on
a whole range of bodily functions, often removed from entry into the body (Hooker
and Bannon, 1993).
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In a confined space, the effect of the accumulation of CH, and/or associated gases
will be to displace air and reduce the total concentration of O, in the atmosphere.
Detrimental physiological effects of an atmosphere deficient in O, will vary with
length of exposure and between individuals. The effects of reduced O, concentration
are described in Table 2.3.

Oxygen % by . X
Physiological Effect
Volume in Air

19-21 Normal range of concentration in the atmospheric air.

16 Faster, deeper breathing, slight impairment of judgement.
10-16 Initial signs of anoxia leading to emotional upsets and abnormal fatigue upon exertion.
6-10 Nausea, vomiting, unconsciousness, collapse may occur.

<6 Convulsions, gasping respiration, death.

Table 2.3: Effects of Reduced Oxygen Concentration (from Edwards (1989))

Methane

Although a low toxicity gas, CH, can cause asphyxia due to the displacement of O,,.
Symptoms of O, starvation develop at 33% v/v CH, and at 75% v/v CH,, fatality

can occur within minutes.

Carbon Dioxide

Carbon dioxide is classified as a highly toxic chemical. Physiological effects of de-
pleted O, arising from elevated CO, are more severe by comparison with O, re-
duction resulting from elevated CH, concentration (Wilson et al., 2006). Carbon
dioxide adversely affects the respiratory and central nervous systems (Card, 1995).
Near instantaneous physiological effects are incurred as a consequence of the high
solubility of CO, and rapid diffusion into the blood (Jensen, 2004).

Shortness of breath and headache are symptomatic of 3% v/v CO,. The sever-
ity of these symptoms increases at 5 to 6% v/v CO,. Headache, visual distortion,
tremors and rapid loss of consciousness are diagnostic of 10 to 11% v/v CO, ex-
posure. Fatality occurs at concentrations in excess of 22% v/v CO, (Hooker and
Bannon, 1993).

Carbon Monoxide

Like CO,, CO is classed as a highly toxic chemical. It has a much greater affinity for
haemoglobin than O,. Prevention of O, transport around the body is incurred by
the formation of carboxyhaemoglobin. Negative effects upon human health are de-

pendent on the initial concentration of CO in the blood, the concentration in the air,
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the length of time of exposure and the level of activity of the individual. At concen-
trations of greater than 40% carboxyhaemoglobin seizures and coma are common,
above 60% carboxyhaemoglobin unconsciousness and death is likely (Omaye, 2002).
Symptoms of milder poisoning (> 20%) include headaches, dizziness, confusion and

nausea (Omaye, 2002).

Hydrogen Sulphide

H,S is graded a highly toxic chemical. It is particularly potent as its odour is
detectable at concentrations less than 0.025 ppm, yet toxic effects as a result of high
concentrations can be reached almost without warning as olfactory fatigue occurs
around 100 ppm (Beauchamp et al., 1984). A summary of physiological effects in

humans with increasing H,S concentration is given in Table 2.4.

Concentration
Physiological Responses
ppm
0.003-0.02 Odour threshold.
3-10 Obvious unpleasant odour.
20-30 Strong offensive odour (‘rotten eggs’).
30 Sickening sweet odour.
50 Conjunctival irritation.
50-100 Irritation of respiratory tract.
100-200 Loss of smell (‘olfactory fatigue’).
150-200 Olfactory paralysis.
250-500 Pulmonary oedema.
500 Anxiety, headache, ataxia, dizziness, stimulation of respiration, amnesia,
unconsciousness.
500-1,000 Respiratory paralysis leading to fatality, immediate collapse, neural paralysis, cardiac

arrhythmias, death.

Table 2.4: Human Physiological Responses to exposure of H,S (adapted from Beauchamp et al. (1984); Reiffenstein
et al. (1992))

Hydrogen

Hydrogen is categorised as a non-toxic, simple asphyxiating gas.

2.3.3 Odour

The major constituents of most soil gases are not odorous with the exception of
H,S. Despite this, the characteristic ‘ripe and fruity’ odour associated with the
decomposition of waste is resultant from the reaction between short-chain fatty
acids (known as ‘volatile fatty acids’) and methyl, ethyl, propyl, and butyl alcohols

(Christensen et al., 1992). Common fatty acids such as valeric acid and butyric
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acid are products of carbohydrate degradation along with alcohols, aldehydes and
ketones. Fang et al. (2012) reported values of 0.0173 ppm and 0.0116 ppm for
butyric and valeric acid respectively in a gas extraction well for a closed landfill.
This far exceeded the odour threshold values (measured by the triangle odour bag
method) of 0.00019 ppm and 0.000037 ppm for butyric and valeric acid respectively
according to Nagata and Takeuchi (2003). However, caution should be taken with
these figures as there are multiple methods for the measurement of odour threshold
and data reported in the literature can vary by up to four orders of magnitude
(Pullen, 2007).

The release of odorous gases may be intermittent and dependent on weather
conditions and is therefore a long-term nuisance (Card, 1995). Odours may cause
nausea and may increase the perception of adverse health effects (Wilson et al.,
2006). Adequate dilution and dispersion is the most effective measure to render a
gas odourless. In-ground protection measures that can be employed include: passing
the gas over activated carbon to absorb odours prior to release, the use of deodorants,
and active abstraction of gas and flaring to burn and destroy odours (Card, 1995).
In practice, membranes in conjunction with in-ground venting to dilute and disperse

gas may be the easiest and most effective solution.

2.3.4 Plant Toxicity

Research increasingly suggests that there is a correlation between high concentra-
tions of CH, and CO, in the soil and vegetation necrosis, especially in areas sur-
rounding landfill sites (Barry, 1986). During periods of prolonged waterlogging,
impeded gas exchange leads to high partial pressure of CO, in the root zone, with
adverse effects on root growth and metabolism (Boru et al., 2003; Kirmiz1 and Bell,
2012).

Additionally, where the O, content of the soil is low, the conversion of CH,
to CO, may be incomplete and intermediate products such as methanol CH;OH,
formaldehyde (HCHO) and formic acid (HCO,H) may be present. These chemicals
can remain in the soil and exhibit phytotoxic effects to plants (Card, 1995). Gases
associated with landfill gas that are known to be highly toxic to plants include H,S,
ammonia (NH;), benzene (C4Hg), ethylene (C,H,), acetaldehyde (CH;CHO) and
thiols (-R-SH) (Kanol and Zetther, 1990).
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2.4 Sources of Ground Gases

Methane, CO,, radon (Ra) and volatile organic vapours (VOCs) occur naturally in
the environment. Buried organic matter has the potential to generate CH,, CO,
and associated trace gases. There are numerous sources derived from anthropogenic
and natural sources that are compiled in Table 2.5.

Sources that are derived from the degradation of organic material principally
comprise CH, as the dominant hazardous gas. Methane is the most abundant or-
ganic compound in the Earth’s atmosphere and is synthesised in many different
environments. Under aerobic conditions, CH, is readily oxidised to CO, as it is bio-
chemically reactive. Therefore, CO, is often associated with the presence of CH,,

but it can also be generated directly (Wilson et al., 2006).

L. Carbon
Source Origin Methane L. Other Gases
Dioxide

Anthropogenic

. ) Several hundred
Microbial decay of .
. . trace organic gases
organic materials

Landfill Sites  derived from the 20-65% 15-40%

disposal of putrescible

(maybe odorous or
toxic) (generally
make up < 1%

materials.
total volume).

Microbial decay of
organic materials
Made contained in reworked
0-20% 0-10%
Ground natural ground
containing demolition

and other wastes.

Microbial decay of .
Trace organic gases

(generally < 1% of
Up to 50% 15-40% the total volume)

(maybe odorous

waste materials from
Foundry the foundry process
Sands (phenolic binders,

dextrin, coal dust,

and/or toxic).
wood rags, paper).

Trace organic gases

Sewage
. . (generally < 1%
Sludge, Microbial decay of
. . 60-75% 18-40% total volume)
Dung, Cess organic materials.
X (maybe odorous
Pits/Heaps .
and/or toxic).
. Microbial decay of
Burial . .
organic materials
Grounds . L
. contained within 20-65% 15-40%
(Including .
human/animal

Cemeteries) .
remains.
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. Carbon
Source Origin Methane L. Other Gases
Dioxide
Industrial, Organic vapours Trace organic gases
Chemical, derived from leaks or (generally < 1%
Petroleum spills from storage, 30-100% 2-8% total volume)
Sites or Man-  processing and (maybe odorous
ufacturing disposal areas. and/or toxic).
0-9.5%
Natural Gas Leakage from bulk (CO2 not present 1-27% C2-Cy
upp pipeline transportation -95% in mains gas, but alkanes.
Supply ipeli i 90-95% i ins gas, b 1k:
Pipes) of natural gas. may be oxidised 4.7% CO.
following leak).
Natural
Physical, chemical and
biological
Soil transformations of < 2 ppm 350 ppm
rock during
weathering.
Burial of vegetation 4 —13% C2-Cy
under high alkanes. 0 — 10%
Coal .
temperatures and CO. Production of
Measures . . < 1-90% 0-6% .
pressures, liberating H2S possible but
Strata .
gases as a by-product rarely in hazardous
of mining activities. concentrations.
Peat/Bog Gas formed by the 10-90% 0-5%
Areas microbial decay of
Alluvium accumulated plant
(Organic debris under anaerobic
. I 0-5% 0-10%
Rich conditions.
Sediments)
0 — 1000 Bq/m? Ra
gas. Higher
Radon- Decay of naturally concentrations of
Emitting occurring uranium Variable Variable gas up to 4,000,000
Rocks with soils and rocks. Bq/m? have been
recorded in SW
England.
Dissolution of calcium
Carbonate .
carbonate (CaCOs3) by Variable 1-6%

Rich Strata

acidic water.

Other
geological
sources (e.g.
oil and gas
fields, oil
shale,

volcanic)

These are not especially relevant to the UK but are relevant in some countries.

Table 2.5: Sources and Origins of Hazardous Gases (adapted from Hooker and Bannon (1993); Wilson et al. (2006))
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2.4.1 Landfill Processes

Although many anthropogenic sources are listed in the preceding summary including
made ground, foundry sands, sewage sludge and burial grounds, this section will
primarily review the microbial processes associated with landfill as the data used in
this research concerns UK landfill sites. While each of these sources will have its own
set of microbial processes, those pertaining to the unique situation of landfills are
discussed here. Other anthropogenic sources of CH, and CO, result from failures
in engineering and include, for example, leaks associated with petroleum sites or
natural gas supplies.

Little consideration had been given to landfill construction, microbial processes
that generate gases and potential gas emissions until around the early 1970s. A
pioneering study of the time by Farquhar and Rovers (1973) collated the limited
resources available and introduced new ideas and concepts to the field. Subsequent
studies have tended to use this work as a foundation.

Farquhar and Rovers (1973) separated decomposition of waste into two stages,
namely The Non-Methanogenic Stage’ and ‘The Methanogenic Stage’. The two
stages were further subdivided into four phases, ‘Phase 1: Aerobic’, ‘Phase 2: Anaer-
obic Non-Methanogenic, ‘Phase 3: Anaerobic Methanogenic Unsteady’ and ‘Phase
4: Anaerobic Methanogenic Steady’. Using information on the decomposition of
sewage sludges and the destruction of organic material in soil as a basis, the term
‘anaerobic decomposition’ was defined as the attack of a mixed micro-biological cul-
ture on complex organic material in the absence of O,. The changing composition

of gases over time is demonstrated in Figure 2.2.
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Figure 2.2: Sanitary Landfill Gas Production over Time (from Farquhar and Rovers (1973))
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‘The Non-Methanogenic Stage’

Typically, municipal wastes are comprised of 40-50% cellulose, 10-15% lignin, 12%
hemicellulose and 4% protein (Barlaz et al., 1989). In this initial stage, complex
polymers (e.g. cellulose, hemicellulose, starch and protein) are converted to lower
molecular weight, soluble monomers (e.g. sugars and amino acids) by hydrolysis
catalysed by extra cellular enzymes (Farquhar and Rovers, 1973; Bareither et al.,
2013). Although the micro-organisms expend more energy than is immediately
recovered during hydrolysis, the organic material is subsequently modified for use
in energy yielding reactions. Therefore, hydrolysis is not likely to be a rate limiting
step in decomposition (Farquhar and Rovers, 1973; Toerien and Hattingh, 1969).
Fermentation of these monomers to alcohols and carboxylic acids (e.g. acetate,
propionate and butyrate), H, and CO, with further acetogenesis of H, and CO,
to acetate, creates the substrates and chemical and microbial equilibrium required
for methanogenesis (Zehnder, 1978). Acetic acid (CH;COOH) is largely identified
by researchers as the predominant acid in the organic acids produced in this stage
(Farquhar and Rovers, 1973). However, it is disputed whether the microbial flora
are facultative or strictly anaerobic (Farquhar and Rovers, 1973). Bareither et al.
(2013) noted that for efficient and balanced waste decomposition, CH,-producing
Archaea (i.e. methanogens) are critical as they are responsible for the terminal step

in the anaerobic decomposition process.

‘The Methanogenic Stage’

Acetotrophic and hydrogenotrophic decomposition constitute the two primary path-
ways of methanogenesis (Zinder, 1993). These pathways differ as acetotrophic
methanogenesis involves the consumption of acetate whereas H, and CO, or formate
are consumed in hydrogenotrophic methanogensis (Zehnder, 1978). The reactions
occurring during this stage involve the cleavage of CH;COOH into CH, and CO,
and the reduction of CO, through the addition of H, to form CH, and H,O. In
Figure 2.2, these processes are achieved in Phases 3 and 4.

Methanogenic archaea, common inhabitants of soil and sewage, are active micro-
organisms at this stage. Although energy is captured by micro-organisms during this
stage, there is very little synthesis of new cell material (Farquhar and Rovers, 1973).
Archaea are phylogenetically related prokaryotes distinct from Bacteria. Woese and
Fox (1977) determined that the ribosomal RNA sequences of Archaea were unlike
those of Bacteria and eukaryotes. Methanogens differ from bacterial species as O,

causes necrosis, they produce unusual enzymes and have different cell walls.
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Multiple studies have identified methanogens associated with both acetotrophic
and hydrogenotrophic degradation pathways (e.g. Huang et al. (2002); Calli et al.
(2006)). However, the environmental, operational and material factors that induce
the dominance of acetotrophic vs hydrogenotrophic methanogenesis are complex and
are not well understood (Bareither et al., 2013; Semrau, 2011).

Simultaneously, N, and H,S gases may be produced during anaerobic decom-
position. Following the depletion of O,, denitrification (a microbial process) can
occur when nitrate ions (NO; ) are reduced while acting as terminal electron accep-
tors. Sulphate ions (SO,*") also act as terminal electron acceptors and are reduced
by SO,* -reducing micro-organisms to produce H,S (Farquhar and Rovers, 1973).
These reactions tend to proceed at neutral or weakly alkaline pHs. As organic acids
are degraded, the pH increases to near neutral conditions and is buffered by the
bicarbonate (HCO, ) system (Bozkurt et al., 2000). A large redox buffering capac-
ity is provided by the organic matter in waste. Therefore, reducing conditions may
prevail for extended periods of time (Bozkurt et al., 2000). A progression of pH
and redox potential along with changing landfill gas composition with time as con-
ceptualised by Bozkurt et al. (2000) is shown in Figure 2.3. Other gases produced
during this stage in negligible concentrations are ethane (C,Hy), propane (C;Hy)
and phosphine (PH;) (Farquhar and Rovers, 1973).

While the ‘Non-Methanogenic Stage’ sees the production of H,, the ‘Methanogenic
Stage’ sees the total consumption of H,. The rate of consumption is thought to ex-
ceed the rate of production as methanogenesis proceeds at a much faster rater than
the preceding reaction. Therefore, H, is generally not found with CH, (Farquhar
and Rovers, 1973). The main gases produced during this stage include CO,, CH,,
H,, H,S and N, (Farquhar and Rovers, 1973). Additionally, trace volatile organic
compounds (VOCs) accounting for < 1% of gaseous emissions, are produced from
the volatilisation of compounds contained within the waste and during decomposi-
tion of the wastes (Allen et al., 1997b). Landfill gases contain VOCs in the following
six classes of compounds: saturated and unsaturated hydrocarbons, acidic hydrocar-
bons and organic alcohols, aromatic hydrocarbons, halogenated compounds, sulphur

compounds (e.g. carbon disulphide) and inorganic compounds (Allen et al., 1997b).

Environmental Factors Affecting the Production of Gas

Major environmental factors that affect the anaerobic production of CH, in the

methanogenic stage are summarised from Farquhar and Rovers (1973) in this section.

e Most micro-organisms require moisture for activity. This includes methanogenic

archaea and it is likely that activity increases with moisture content. Moisture
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Figure 2.3: Landfill Gas Composition over Time against pH and Redox Potential (from Bozkurt et al. (2000))

content is generally in excess of 90% of wet sludge weight in digesters where
methanogenic archaea perform well.

e Micro-organisms require a very specific pH range for optimal production of gas.
For example, sewage sludge digestion was reported to be optimised between
pH 6.4 and 7.2 (Kotze et al., 1969). Similarly, Skinner (1968) defined a tolerant
range in soil from pH 5.5 to 9.0.

e Bicarbonate (HCO; ) buffers the system as organic acids are degraded. Kotze
et al. (1969) observed that a HCO, alkalinity of 2,000 mg/l expressed as
calcium carbonate (CaCO;) and an ammonium ion (NH,") concentration in
excess of 100 mg/1 expressed as NH; were required for maximum CH, produc-
tion.

e A Redox potential in the negative range (generally less than -200 mV) is
required for CH, production.

e Three temperature ranges have been identified for anaerobic decomposition:

— Thermophilic range with temperatures > 44°C.
— Mesophilic range with temperatures between 20 and 44°C.

— Psychrophilic range with temperatures < 20°C.
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Generally, the trend is for rates of decomposition to increase with tempera-
ture up to 55°C. Beyond this temperature, decomposition rates decline dra-
matically. Additionally, decomposition rates are sensitive to abrupt changes
in temperature as small as 1 to 2°C.

e Pressures in excess of 2,413 mbar were found to have no negative effect on
CH, production (Skinner, 1968).

e Varying amounts of nutrients (dependent on waste deposits) will affect the
rates of decomposition, gas production and the relative proportions of CH,
and CO, in the gas. An optimal ratio of C to N of 16:1 was reported by Kotze
et al. (1969).

Composition of Landfill Gas over Time: The Four Phases

Farquhar and Rovers (1973) first postulated four phases for the composition of
landfill gas over time (Figure 2.2). The first phase of landfill gas production is the
aerobic phase. Decomposition of waste takes place aerobically with the consumption
of O, present in the refuse at the time of placement. Carbon dioxide is produced
in approximate molar equivalents to consumed O, with little displacement of N,
(Farquhar and Rovers, 1973). Although O, is initially available in the pores serving
as an oxidising agent, the initial supply is very limited and may be depleted after
only a few days (Bozkurt et al., 2000).

Phase 2 begins after the depletion of O,. It is during this phase that anaerobic
activity becomes the dominant process. An increase and peak in CO,, concentrations
occurs and there is some H, production. Due to the observed boom in CO, evolution,
there is a dramatic displacement of N,. The notable time-lag for the commencement
of the production of CH, after anaerobic conditions have been achieved may be as
a consequence of the need for enough CO, in solution to act as a proton acceptor.
Overall, the anaerobic phase is characterised by a rapid polymer hydrolysis and a
sharp decline in redox potential (Farquhar and Rovers, 1973; Bozkurt et al., 2000).
Measured peak CO, concentrations by volume typically lie in the range 50-70% and
may take between 10 to 40 days to be achieved (Farquhar and Rovers, 1973).

Defined as the unsteady phase due to the concentration of CH, increasing to a
relatively constant terminal value (~ 60%), Phase 3 begins at peak H, concentration
of ~ 20%. During the initial part of this phase, the concentration of H, reduces to
0%. The rapid decay of H, is attributed to Methanogenic archaea which appears
to be capable of using H, at a very rapid rate (Farquhar and Rovers, 1973). Both
CO, and N, reach terminal values during this phase. Declining from a peak value

of ~ 80%, CO, concentration terminates around 40% while the N, concentration
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becomes negligible (Farquhar and Rovers, 1973).

Early research suggested that the time taken for completion of Phases 1 to 3 was
between 180 and 500 days. For example, Ramaswamy (1970) reported a time of 180
days for completion of the first three phases, Rovers and Farquhar (1972) reported a
time of 250 days, while Beluche (1968) disclosed a time of 500 days. However, great
care needs to be taken with these figures as all are based on laboratory experiments
conducted with cylinders filled with refuse to simulate landfill. Conditions may,
therefore, be atypical of those in real landfills. Experiments are also not to the
same scale as real landfills. Therefore, the time taken for Phases 1 to 3 to reach
completion may be years to decades depending on the nature, volume and availability

of substrate.

The composition of gases produced in Phase 4 and the rate of production remain
steady at their peak. However, this does not eliminate the possibility of variations in
gas production due to environmental changes and it does not take into account the
possibility of long-term variations due to nutrient depletion or the accumulation of
inhibitory materials (Farquhar and Rovers, 1973). On the whole, CH, concentration
will remain steady between 50 and 70% while CO, will stabilise between 30% and
50% (Farquhar and Rovers, 1973). Within this range, Kotze et al. (1969) reported
a gas composition of 66% CH, and 34% CO, during the digestion of sewage sludge.

Small volumes of N, and H,S may also be present. If the concentration of CH,
is substantially below 50% by volume, it is likely that production is being retarded,
especially if H, is detected (Kotze et al., 1969). Abrupt changes in gas composition
are usually indicative of some change in environmental conditions (Farquhar and
Rovers, 1973).

Building on from the initial analysis of landfill gas production over time by
Farquhar and Rovers (1973), Kjeldsen et al. (2002) confirmed the initial four phases
using data collected over 30 years and theorised future gas compositions (Figure
2.4). At the time of writing, the period supposed by Kjeldsen et al. (2002) extended
beyond the 30-year post-closure monitoring period prescribed for landfills in the
United States. Continuing on from the 60% CH, and 40% CO, attained at the end
of Phase 4, Kjeldsen et al. (2002) proposed a further four phases. All study landfill
sites were in Phase 4 of Figure 2.4. Phase 5 had not yet been achieved in any of
the landfills as N, is absent. These phases were termed, ‘Methane Oxidation’, ‘Air
Intrusion” and ‘Carbon Dioxide’. Phases 5 and 6 may be viewed as intermediate
phases between the stable methanogenic phase and the carbon dioxide phase. Upon
the carbon dioxide phase being attained, the landfill becomes aerobic. In Phase 8§,

atmospheric conditions are achieved.
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Throughout the stable methanogenic phase, the gas production rate is contin-
uously decreasing (Kjeldsen et al., 2002; Karthikeyan and Joseph, 2006). During
the later stages of gas generation when rates are reduced, it is possible for air to
be sucked into a landfill owing to over-pumping for landfills with an active gas ex-
traction system. This is not the case for landfills that do not have an active gas
extraction and utilisation system. Barometric pressure changes alone will drive air
intrusion through a small elevated gas pressure into the upper waste layers (Kjeldsen
et al., 2002).
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Figure 2.4: Sanitary Landfill Gas Production over Time (from Kjeldsen et al. (2002))

If a landfill has a tight cover and open gas vents (assuming that active gas
extraction and gas flaring has ceased), air intrusion may be local and of minor
importance. However, for landfills with more permeable covers, O, intrusion at high
barometric pressure or due to diffusion will promote oxidation of CH, that is still
being produced. Therefore, via these mechanisms, an insignificant part of landfill
waste will be intruded by air and CH, oxidation will predominantly take place in
the cover soil or in waste surrounding gas vents (Kjeldsen et al., 2002).

The following phase is hypothesised to be ‘air intrusion’. This phase will result
from the continual decrease of CH, production and air intruding through the cover
soil into the waste mass. At some point during this phase, all of the CH, produced

will be oxidised. Thus, the concentration of CO, will increase as it is produced in
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the CH, oxidation reaction. Also, N, concentration will increase as a result of air
intrusion. However, O, concentration will remain negligible as it is rapidly consumed
in the reaction of CH, oxidation. Overpressure in a landfill will reduce to zero as
CH, production declines (Kjeldsen et al., 2002).

Phase 7, in which CO, concentration will exceed CH, concentration, is termed
‘carbon dioxide’ phase by Kjeldsen et al. (2002). Oxygen intruding landfill at this
point in time will be consumed for oxidation with any residual CH,, organic materi-
als and reduced inorganic species. By Phase 7, aerobic conditions are re-established
allowing refuse oxidation as some lignocelulosic substrate is more degradable under
oxic conditions compared to anoxic conditions (Kjeldsen et al., 2002). Carbon diox-
ide production has been observed in conjunction with a decrease in pH in refuse and
harbour sediments (Revans et al., 1999; Calmano et al., 1993). This phase has also
been called the humic phase (Bozkurt et al., 1999).

The exchange of air between landfill and atmosphere is governed by the diffu-
sion, wind-induced exchange, natural convection and barometric pumping (Bozkurt
et al., 1999). A diffusional transport is driven by concentration differences between
landfill and atmosphere. Landfill gas components are exchanged for atmospheric
components by this mechanism. An important parameter is the diffusivity of gas in
the landfill cover and the waste layers. Saturation by water places a crucial role in
this. An engineered cap often includes a clay layer with a very low gas diffusivity
at normal water content. If waste layers are saturated with water, gas diffusion is
not active because diffusion through water is 10,000 times lower than air (Kjeldsen
et al., 2002). Diffusion is also significantly reduced by the presence of a plastic
flexible membrane layer (Kjeldsen et al., 2002).

Wind speed plays a minor role in air intrusion into landfill (Bozkurt et al., 1999).
A pressure gradient is created between atmosphere and landfill that causes air to
flow through a landfill. However, the magnitude is governed by the wind speed
and the permeability of the cover and waste layers. Natural convection processes
induced by changes in temperature, air humidity, gas concentration (CO,/O,) also

play a minor role in air intrusion into landfill.

Principally, if a landfill’s cover has a lower permeability than the waste layers and
if the cover is defective with cracks or has open gas vents, changes in barometric
pressure will pump gases in or out of a landfill through such openings (Kjeldsen
et al., 2002). The direction of flow will depend on the direction of the pressure
change (Gebert and Grongroft, 2006). Passive venting was used by Christensen
et al. (2000) as a remedial technology to remove volatile pollutants from sandy

unsaturated layers covered by clay. During this investigation, it was shown that
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barometric pressure changes led to a significant exchange of air through the installed
screen wells (Christensen et al., 2000).

It is important to note that the changes in landfill gas composition post Phase
4 proposed by Kjeldsen et al. (2002), are based solely on theory. At the time of
writing the review, Kjeldsen et al. (2002) had access to only 30 years of landfill gas
monitoring data as monitoring had only been a requirement from the early 1970s. By
the early 2000s, most landfills were still in the stable methanogenic phase. Likewise,
the sites used in this study were still in the anaerobic stable methanogenic phase.
Therefore, the proposed later stages, while important, are not necessarily crucial to

the research presented here.

2.4.2 Coal Measures Strata

Primarily, this research is concerned with CH, and CO, evolved from landfill pro-
cesses as described in the previous section. However, the underlying strata also
provides a natural source of these gases. Most importantly, Coal Measures strata
can be a significant source of CH, at depth, particularly where mining operations
have previously taken place. The amount of CH, that may emanate from Coal
Measures depends on the ‘Coal Rank’.

Compared with mineral material that generally constitutes most rock types, coal
is comprised of plant debris which is a far more fragile material. On burial, plant
debris is exposed to elevated heat and pressure that induces changes in composition
and properties. Sometimes referred to as ‘organic metamorphism’, the ‘rank’ of a
coal is a measure of how much change has occurred. Based upon composition and
properties, coals are assigned to a rank progression that corresponds to the amount
of change that has occurred (Table 2.6) (King, 2015).

Underlying Coal Measures are postulated to be the second most likely source of
ground gas after landfill in this research. Accordingly, an appreciation of the likely
quantity emanating from underlying strata as prescribed by ‘coal rank’ is required.
The majority of research sites are located in the NW of England in Cheshire and
Greater Manchester (historically Cheshire). Coal Measures in this area date from the
Westphalian Stage of the Carboniferous Period (358.9-298.9 MA). Deposits extend
beneath much of the Cheshire Basin and the county to depths greater than 1,200 m
(Norton et al., 2006).

Multiple coalfields cross the county borders. The North Wales (Flintshire) Coal-
field constitutes generally easterly dipping (structurally complex), Pennine Lower-
Middle Coal Measures. With an average gas seam content of 8.4 m®* CH, t!, these

sequences mainly contain medium volatile coking coal (Norton et al., 2006). The
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Carbon
Rank Properties Content (dry
ash basis)
An organic sediment of recently accumulated to partially carbonised
Peat plant debris en masse. It is transformed into a rock by burial, < 60%

compaction and coalification
The lowest rank of coal, a peat that has been transformed into rock.
Lo The rock is a brown-black coal and sometimes contains recognisable

Lignite ) o 60-70%
plant structures. In Europe, Australia and UK, some low-level lignites
are called ‘brown coal’
Subjected to a greater level of organic metamorphism than lignite. Some
O, and H, is driven off by the metamorphism. This loss produces a

Sub-bituminous  richer carbon content. Based on heating value (8,300-13,00 British 70-77%
Thermal Units), sub-bituminous coal may be sub-divided into 3 ranks,
A, B and C.
By far the most abundant rank of coal as it accounts for ~ 50% of coal
produced in the United States. Owing to an increased level of organic

. . metamorphism compared with sub-bituminous coal, it has a higher

Bituminous ) . ) o . 77-87%
carbon content. The bituminous coal rank is sub-divided into ‘low
volatile bituminous’, ‘medium volatile bituminous’ and ‘high volatile
bituminous’.
The highest rank of coal, with the highest carbon content. It also
generally has the highest heating value per ton on a mineral matter free

. basis. Often, on the basis of carbon content it is subdivided into

Anthracite . . . . > 87%
‘semi-anthracite’ and ‘meta-anthracite’. In the UK, the dominant source
of anthracite is located in the NW of the South Wales Coalfield (British

Geological Survey, 2010)

Table 2.6: Coal Rank (adapted from King (2015))

coalfield dips under the western margins of the Cheshire Basin. Comprising an
average gas content of 9.0 m® CH, t!, the South Lancashire Coalfield contains Pen-
nine Lower-Middle Coal Measures of high to medium volatile rank bituminous coals.
This coalfield is concealed beneath the northern area of Cheshire and was heavily
worked in this area (Norton et al., 2006). Finally, the North Staffordshire Coalfield
outcrops in the SE of Cheshire. Like the South Lancashire Coalfield, it contains
Pennine Lower-Middle Coal Measures with high to low volatile rank bituminous
coals and has an average gas seam content of 8.0 m* CH, t! (Norton et al., 2006).
Consequently, a high CH, contribution may be expected in areas formerly mined, or
where the head of the bedrock is heavily weathered or the bedrock contains major

faults.
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2.4.3 Bowland-Hodder Shale and Shale Gas
Bowland-Hodder Shale

According to the British Geological Survey (BGS), the Bowland Shale formation
dates from the Carboniferous Period, specifically dating from the Asbian Substage
(337.5-333 MA) to the Yeadonian Substage (315.5-314.5). It is a mainly dark grey
fissile and blocky mudstone that is weakly calcareous. It has subordinate sequences
of interbedded fossiliferous limestone and sandstone that are more or less discrete
bands. In the locality (Furness and Settle areas), the formation is thick-bedded,
blocky to sub-fissile, dark grey and black, organic-rich mudstone. It has subordinate
beds of dark grey siltstone, sandstone and pale brown dolomitic limestone. Bands
of marine deposits are also present. The formation shows an upward decrease in
carbonate turbidites with an associated increase in siliciclastic sandstone turbidities.

Generally, the formation is between 120 m and 620 m deep from the surface.
It thickens in a north-easterly direction along the axis of the Central Lancashire
High, from about 22 m in the Roddlesworth Borehole to 102 m thickness in th
Boulsworth Borehole. In the study area, the upper boundary is defined as the base
of the Millstone Grit (over most of the Pennine Basin). In Staffordshire and the
East Midlands, the upper boundary is the base of the Morridge Formation. The
base of the formation (lower boundary) is defined as upon the Pendleside Limestone
Formation in the Craven Basin, on the Widmerpool Formation in North Wales,
and on the Hodderense Limestone Formation in the south of the Isle of Man. It is
interpreted as the first appearance of black mudstone above variegated mudstones

or fine-grained limestones.

Shale Gas

Following burial, in conventional oil and gas accumulations, hydrocarbons are gen-
erated from shales comprising source rock. These hydrocarbons migrate from the
source rock, through carrier beds over geological time and accumulate in porous
reservoirs (typically sandstone or carbonate) in discrete traps. However, for un-
conventional hydrocarbon accumulations, such as shale gas, the opposite is true as
shales act as both source and reservoirs. The extensive basin centres consequently
become exploration targets (Andrews, 2013).

Gas may be present in two components, either adsorbed onto kerogen or clay
particles, or present as free gas in pore spaces and natural fractures. Predomi-
nantly, shale is comprised of very fine-grained clay particles deposited in a thinly

laminated texture. Layers of re-deposited limestone or thin clastic beds within the
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shale sequence also produce shale gas. The clay particles fall out of suspension and
are interspersed with organic matter (the rock’s total organic content (TOC)). At
depth, these strata are compressed under pressure, expelling the pore water that
results in the low-permeability layered shale rock. This relates to the nature of the
sediment’s very fine-grained and laminar particles and not the overall rock compo-
sition which is layered. Each layer is an effective barrier to fluid migration and in
this composite layering, an effective vertical seal is achieved.

Compared with conventional gas sources, typical shales have a very low matrix
permeability (<0.1 mD in shales compared with >1 mD in conventional sandstone
reservoirs) (Andrews, 2013). In shale, hydrocarbon gases are effectively trapped and
are unable to flow or be extracted without anthropogenic intervention. Migration

of gases to conventional traps may only occur on geologic time-scales.

2.4.4 Source Quantification

By far the most practical tool at the researcher’s disposal to identify CH, and CO,
source is the utilisation of carbon isotopes. Carbon has three isotopes, 2C, 13C and
1C. Carbon-12 is the most abundant (98.89%) and most stable isotope, followed
by Carbon-13 (1.11% abundance) and Carbon-14 which is the heaviest and most
unstable isotope (active) with abundance 1 x 107'°% (Hitchman et al., 1989). Iden-
tification of source works on the principle of determining the relative proportions of
each isotope or ratios (e.g. '3C/1C) in each source giving a characteristic ‘signature’
or ‘fingerprint’ dependent on source. This process is particularly beneficial for con-
tractors where issues of ownership and mitigation are apparent. A clear advantage
of stable isotope analysis over radiocarbon dating is that due to the abundances of
12C and '3C, ratios may be easily determined with a relatively simple mass spec-
trometer in less time and at a fraction of the cost of *C measurements (Hitchman
et al., 1989).

Stable Isotope Analysis

A key concept in the use of stable isotopes to determine gas source is that CH,
formed biochemically in landfills (biogenic source) will be depleted in the heavier
13C and ?H (D) isotopes as microbes discriminate against these isotopes (i.e. lower,
or more negative *C and ?H) compared with thermogenic (e.g. geogenic) CH,
(Kerfoot et al., 2013). Biogenic gas is defined as gas that has been synthesised by
methanogenic organisms whereas thermogenic gas is defined as gas formed deeper in

the Earth from buried organic material at high temperature and pressure. For the
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purposes of this project, gas present at the research sites originating from deeper
geology is referred to as geogenic gas. Residual CH, will be depleted in 3C while
evolved CH, will have a greater proportion of >C (Coleman et al., 1981). Conse-
quently, CH, oxidised to CO, by microbes will also be enriched in the lighter carbon

isotope.

According to Hitchman et al. (1989) thermogenic sources will generally have a
30Cen, > —60%o while *§Ccy, < —60%o generally indicates a biogenic gas origin.
Bergamaschi et al. (1998) reported values of "*0Ccy, from thermogenic sources in
the range -25%o to -60%¢ while Raco et al. (2014) reported *6Ccp, from biogenic
sources in the range -46.1%o to -66.3%o0 in a study of landfill gas fractionation factor
limits. Although the figures reported by Raco et al. (2014) broadly agree with the
rule proposed by Hitchman et al. (1989), there is scope for '*6Ccn, and 6Dcp,
values obtained from biogenic and thermogenic sources to overlap. Therefore it is
accepted that source identification by stable isotopes is not necessarily a clean-cut
process. It is assumed that values plotting between end-member populations are
gas mixtures. Further data quoted in the literature is provided in Table 2.7 and

pictorially represented in Figure 2.5.

Already there have been many studies into the characterisation of naturally
occurring (geogenic) CH,, particularly in China, using stable isotope analysis. A
prominent example is Dai et al. (2012) who reported a range of '*§Ccp, values be-
tween —36.9%0 and —30.8%0 and dDcp, values between —173%0 and —155%o in the
Sichuan Basin in eastern Sichuan Province. One of the most important on-shore gas-
producing areas in China, the main source rocks include: Lower Cambrian Marine
Shales, Lower Silurian Marine Mudstones, Lower Permian Marine Pelitic Carbon-
ates, Upper Permian Marine-Terrigenous Coal Measures, Upper Triassic Terrigenous

Coal Measures and Lower Jurassic Lacustine Mudstones (Dai et al., 2009).

The rocks encountered here encompass both older and younger rocks in terms
of geological age than those encountered in NW England where the research sites
are located. The Coal Measures contained in this basin are younger than those in
NW England which are Carboniferous, Westphalian in age. Nevertheless, multiple
studies consistently indicate that geogenic CH, is enriched in both *¢Ccy, (-39.0
to —29.0%0) and éDcn, (—257 to —114%0) when compared with biogenic source
counterparts (—66.3 to —46.1%0 *0Ccn, and —329 to —254%o¢ éDcw, ).

However, determination of source by stable isotope analysis may not be as clean-
cut as the data reported here indicate. For example, Zazzeri et al. (2015) illustrated
that an active colliery in Nottinghamshire, UK, yielded a 136CCH4 value of —51.2 +

0.3%0. Conversely, closed colliery values contained more positive 135001{4 values in
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1835Ccr. %o 1836Ccr. %o Dcu. %o Dcu. %o

Source 4 4 4 4
Min Max Min Max
Biogenic
Zazzeri et al. (2015) —60.2+1.4 —55.24+0.6 Not reported Not reported
Raco et al. (2014) —66.3 —46.1 —329 —291
Kerfoot et al. (2013) —63.2 —47.2 —299.6 —253.7
Widory et al. (2012) —60.0 £0.2 —46.7+0.2 —316 £ 3.4 —267+4.9
Bergamaschi et al. (1998) —60.3£2.3 —57.4£1.7 —310£5 —299 £ 10
Bergamaschi and Harris (1995) —62.3 —55.3 —326.8 —292.1
Thermogenic

Zazzeri et al. (2015) —36.3+0.3 -309+14 Not reported Not reported
Hu et al. (2014) —-33.7 —29.7 —118 —114
Ni et al. (2014) ~39.0 —37.7 —257 —250
Kerfoot et al. (2013) —36.46 —29.91 —197.4 —193.7
Dai et al. (2012) ~36.9 ~30.8 ~173 ~155
Dai et al. (2007) —39.0 —29.0 Not reported Not reported

Table 2.7: Typical Stable Isotope Ranges Reported in Literature for Biogenic and Thermogenic Sources

-25 T T
.30 + 4
35 + 4
40 + 4
45 Thermogenic Gas Sources
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Biogenic / Thermogenic Gas Mixing
55 L (multiple gas source) i
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60 + 4
Biogenic Gas Sources
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-350 -300 -250 -200 -150 -100
8Dy, (%o)
@ Raco et al. (2014)
A Kerfoot et al. (2013)
O Widory et al. (2012)
@ Bergamaschi et al. (1998)
@ Bergamaschi & Harris (1995)
WV Huetal. (2014)
O Daietal. (2012)

Figure 2.5: zSDCH4 versus 136CCH4 Plot Indicating Biogenic and Thermogenic Gas Populations

the range —33.3 = 1.8%0 to —30.9 + 1.4%0 (Zazzeri et al., 2015). The open colliery

135 Ccn, value trespassed the range more commonly associated with landfill while the
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closed colliery values were more in alignment with the natural gas values reported
in Sichuan Province, China by Dai et al. (2012).

Radiocarbon Dating

Unlike stable isotope analysis which relies on multiple variables and an intrinsic
knowledge of landfill processes and microbiology, radiocarbon dating works solely
on the radioactive decay of 4C. Carbon-14 has a relatively short half-life of 5,730
years. Accordingly, geological sources of CH, are depleted in *C by virtue of their
great age while modern biogenic sources contain '*C that reflects contemporary
atmospheric C levels (Muir et al., 2015; Fellner and Rechberger, 2009).

By convention 100% modern carbon (100 pMC) is defined as 0.7549x 'C activity
of the internationally recognised oxalic acid II standard SRM-4990C (1340.07 pMC)
(Muir et al., 2015). With respect to 3C this is normalised to —25%c (Muir et al.,
2015). A peculiarity arising from nuclear weapons testing in the 1950s and early
1960s means that present day '4C is currently ~104 pMC (Hua et al., 2013; Muir
et al., 2015). Rising from 97 pMC pre-1950, 1*C activity in the northern hemisphere
peaked at ~200 pMC in 1963. Excess 4C entering the oceans and biota, and through
dilution by fossil fuel burning has reduced *C atmospheric abundance (Hua et al.,
2013; Muir et al., 2015).

Few studies into determination of *C in biogenic and geogenic gas sources have
been undertaken by comparison with 3§C/12§C studies. This is likely to be due to
the high cost of analysis meaning it is not always commercially viable. For known
gas sources, *C determination is not likely to enhance the scientific knowledge.
Therefore, the use of radiocarbon dating may be best used for unknown or mixed
gas sources where 12§C/2¢C analysis has not clarified the gas origin.

A recent study by Palstra and Meijer (2014) examined the 3§C and **C values
obtained from biogas and natural gas samples. T'wo results were reported for 1350002
(%o0), the CO, in the raw biogas samples and the CO, resulting from the combustion
of pretreated biogas samples and natural gas samples. Biogenic gas sources included
in this study were, maize, onions, landfill (x2), organic waste, municipal sewage
sludge, sugar beet, and manure and vegetables while natural gas (geogenic) sources
included Norway Gas, North Sea Gas and Groningen Gas.

Values for *§Cco, after combustion (i.e. *6Ccp,) were in the range —61.24%q
to —28.55%0 with mean —49.37%¢ while 1350(}02 values in the raw biogas samples
ranged from —5.55%0 to +30.45%0 with mean +11.99%o0 (Palstra and Meijer, 2014).
These figures were typical of biogenic gas sources and were in good agreement with

other stable isotope data. The raw samples show more positive 1350002 values than
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30Ccn, values indicating an enrichment in '*C. The results reported by Palstra and

Meijer (2014) are shown in Figure 2.6.
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Figure 2.6: “C (pMC) versus 135CCH4 (%o) Plot from Palstra and Meijer (2014) Indicating Biogenic and Ther-

mogenic Gas Populations

Mean values for *C for raw biogenic source samples and post CH, combustion
samples were 105.0% and 105.2% respectively (Palstra and Meijer, 2014). By com-
parison, Norway Gas 4C was 0.18%, North Sea Gas “C was 0.10% and Groningen
Gas C was 0.05% (Palstra and Meijer, 2014). It can be clearly proven that the
biogenic sources contain *C indicative of contemporary atmospheric 14C levels while

geogenic sources are depleted in 4C, a clear distinction between sources.

In the UK, this approach was used alongside stable isotope analysis in the af-
termath of the Loscoe Landfill Explosion in March 1986 (Williams and Aitkenhead,
1991). The identification of the gas source was complicated due to underlying shal-
low coal seams in the vicinity. However, radiocarbon dating of samples in con-
junction with stable isotope analysis proved that the gas that caused the explosion
had emanated solely from the landfill (Williams and Aitkenhead, 1991). Further

information on this case study may be found in Section 2.6.
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2.5 Gas Migration and Emissions

Perhaps one of the greatest challenges of this research was to detect, measure and
ascribe a mechanism of gas migration in the unsaturated zone. Discussed here are
potential migration mechanisms and mathematical modelling of these mechanisms.
Also discussed are factors that permit migration of gases including landfill design
factors, geological pathways, hydrological and meteorological controls. Lastly, the
detection and measurement of CH,, CO, and associated ground gases by commer-

cially available equipment is reviewed in this section.

2.5.1 Migration Mechanisms and Mathematical Modelling

The important factors governing the migration of gases in the subsurface are gas
solubility (Henry’s Law), gas viscosity (Darcy’s Law) and gas diffusion (Fick’s Law).
The latter of which is more closely associated with groundwater modelling. Addi-
tionally, gas solubility is variable and is influenced by temperature, pressure and
salting-out effects. For example, it is known that CO, is 58 times more soluble in
H,O than CH, at standard temperature and pressure (STP) (Hooker and Bannon,
1993). Under favourable conditions, a proportion of CO, migrating away from mu-
nicipal landfills or equivalent sources will be lost from the system due to its high
solubility. Therefore, the fate of CO, in a given system is an important considera-

tion.

Gas Solubility

Depending on the pressure, temperature and the concentration of other gases and
minerals in the groundwater, CH, and CO, do not always exist in gaseous form in
the subsurface. Pressure has the most dominant effect on CH, dissolution in H,O.

The solubility of gas in water increases with pressure as governed by Henry’s Law:

Pb :{L‘b'Kb (21)

Where:
Py, = Partial pressure of the gas (dimensions of pressure e.g. Pa, atm, mbar).
1z, = Mole fraction of solute (dimensionless).

K, = Henry’s Law constant (dimensions of pressure).

Using this equation it can be shown that air-saturated water at 10°C in equi-
librium with air at normal atmospheric pressure (1 atm) will contain 4.78x107 mg
of CH, per litre of Hy,O (equivalent to 6.70x10” ml STP CH, per litre of H,0).



38 CHAPTER 2. LITERATURE REVIEW

When the partial pressure of CH, reaches 1 atm at 10°C, the H,O in equilibrium
saturation will hold 29.9 mg of CH, per litre of H,O (equivalent to 41.9 ml STP
CH, per litre of H,O).

Temperature Effects

With increasing temperature, the solubility of most gases decreases until the solvent
reaches a critical temperature. In the case of CH,, solubility in H,O declines from 0
to 100°C but increases by a factor of 20 between 100 and 350°C (Drummond, 1981).
Air-saturated H,O at 25°C and atmospheric pressure will contain 3.56x 10 mg CH,
per litre of H,O (Hooker and Bannon, 1993).

Pressure Effects

The solubility of most gases is proportional to increasing pressure. The solubility
of most gases is a linear function of pressure. The mass of gas dissolved by a given
volume of solvent is proportional to the partial pressure of the gas with which it is

in equilibrium, which is an alternative expression of Henry’s Law.

Salting-out Effects

Solubility of gases is often presented with respect to deionised water. However,
natural waters usually contain varying amounts of dissolved salts which act to lower
the solubility of gases (Hooker and Bannon, 1993). Setschenow (1889) states that
at constant temperature, the logarithm of gas solubility is a linear function of salt

concentration.

Gas Viscosity

Viscosity is defined as the internal resistance of a fluid to flow (Amyx et al., 1960).
It is a function of temperature, pressure and molecular weight. When estimating
the rate of flow of fluids through rocks and sediments, knowledge of the viscosity of
fluids is a prerequisite. Under a pressure gradient, gases may move by viscous flow
through a porous medium such as sediment or rock. Flow rates can be estimated

using Darcy’s Law:

Qv = (K+M) .C (2.2)

Where:
Q, = Flow of gas (m?/s) through area A.

K; = Intrinsic permeability of material through which gas or vapour is flowing.
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v = Unit weight of gas (N/m?).

p = Viscosity of gas (Ns/m3).

A = Area of migration perpendicular to migration direction (m?).
t = Pressure gradient along migration route.

C' = Concentration of gas or vapour.

The Darcy equation is based on the intrinsic permeability of the soil or rock
through which a gas is flowing. It is expressed differently from the common equation
for Darcy’s Law which is specific to the flow of water through the ground and is based
on the saturated hydraulic permeability of the ground (Wilson et al., 2009). The
theory assumes laminar, uncompressible gas flow and does not make any provisions
for chemical or biogeochemical reactions that may occur along the migration route
(Wilson et al., 2009). There are instances where it is necessary to calculate the
viscosity of a gas mixture. For example, landfill gas, a mixture of CH, and CO, in

the approximate ratio 3:2.

Gas Diffusion

Gases may also move in the sub-surface by molecular diffusion which requires the
presence of a concentration gradient. Gas flows from an area of high concentration
to an area of low concentration. In accordance with Fick’s Law, the rate of mass

transfer of a gas or vapour by diffusion can be estimated as follows:

E = A(Cypurce — Cyo) DT /L (2.3)

Where:

E = Rate of mass transfer due to diffusion (g/d).

A = Area through which migration occurs (m?).

Ciource = Concentration of gas being considered at source (g/m?).

C, = Concentration of gas being considered at limit of migration (g/m?).
DI = Effective diffusion coefficient in the medium being considered (m?/d).

L = Distance over which migration occurs (m).

Gas diffusion coefficients vary according to the type of porous medium and the
degree of saturation (Hooker and Bannon, 1993).

Fick’s Law assumes that isobaric conditions are prevalent, there is no pressure
driven flow, relatively low concentration of gas and high soil permeability (Wilson
et al., 2009). Additionally, it is assumed that diffusion only occurs in one direction,

diffusion coefficient is constant (although it varies with concentration and temper-
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ature) and it excludes the effect of Knudsen diffusion (where the scale length of a
system is comparable to or smaller than the mean free path) and non-equimolar

diffusion.

2.5.2 Landfill Design Factors

Since the late 1950s’ discovery that groundwater is contaminated by landfill leachate,
two separate landfill design concepts have evolved: natural attenuation (for non-
hazardous industrial and municipal waste) and containment (for hazardous indus-
trial waste) (Bagchi, 2004). Older landfills (pre-1970) tend to be of the natural

attenuation type. A brief summary of their design factors is given in this section.

Natural Attenuation Landfills

Natural attenuation landfills work on the principle that leachate (and gas) per-
colating through the landfill base will be purified (attenuated) in the underlying
unsaturated soil zone and groundwater aquifer (Bagchi, 2004). However, studies
have shown that small natural attenuation landfill facilities comprising less than
40,000 m? waste volume may impact groundwater quality (Friedman, 1988). Conse-
quently, natural attenuation may be considered high risk due to the uncertainty in
prediction of contaminant loading and quantification of leachate attenuation mecha-
nisms (McBean et al., 1995). More recently, the regulation trend has moved towards
maximising containment and removal of leachate before release to the environment
(McBean et al., 1995).

Mechanisms of attenuation include: adsorption, biological uptake, cation and
anion exchange, dilution, filtration, and precipitation. All mechanisms with the
exception of dilution may be operative in the unsaturated zone while all mechanisms
with the exception of biological uptake may be operative in an aquifer (Bagchi, 2004).

The unsaturated zone is a potential buffer that may protect groundwater through
various physical, chemical and biological processes that alter the nature and quan-
tities of contaminants arriving at the water table as a function of time (McBean
et al., 1995). An ideal situation for a natural attenuation facility would be to have
uniform, moderately textured soil (soils with moderate amounts of silt and clay).
Furthermore, a substantial thickness between the bottom of the facility and the
top-surface of the groundwater is desirable (McBean et al., 1995). These soils are
advantageous as they encompass a relatively large surface area with a moderate to
low water flow rate.

At the opposite end of the spectrum, heavily textured soils (e.g. tight clays)
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would not provide a good location for natural attenuation landfills as they do not
allow a sufficient passage rate of leachate. In these circumstances, there would be
a risk of a build up of leachate head within the site unless provision was made for
removal and treatment(McBean et al., 1995). Biological uptake of contaminants and
precipitation reactions are influenced by the degree of saturation of the unsaturated
zone. Higher levels of saturation lead to less available O, for biological activity.
Ensuing anaerobic conditions would lead to bacterial growth. Bagchi (2004) noted
that the worst case scenario is for the soil to be fully or nearly saturated, therefore,

attenuation should be focused on biological uptake under similar conditions.

Containment-Type Landfills

Containment-type landfills are engineered to a much higher standard with the aim
of significantly reducing discharge into underlying hydrogeologic environments. Im-
provements in engineering standards have increased since the 1970s with multiple
layering strategies and geosynthetic materials now commonplace. Soils comprising
a high percentage of clay-sized particles are most frequently used and often serve
as a primary barrier to liquid and gas movement (McBean et al., 1995). Leakage
through the base of a containment landfill is theoretically unavoidable. Leachate
is partitioned into two fractions: (1) a laterally transported to collection pipes and
stored in leachate tanks fraction, and (2) a small portion that percolates through
the liner (Bagchi, 2004).

However, a major problem with using clays is that significant variation in per-
meability can be observed as a result of relatively small changes in other properties.
For example, a change of 2 to 3% in moisture content can result in a permeability
change by an order of magnitude (Dixon and Murray, 1998). Additionally, faults
in liners can cause permeability to exceed design calculations. Cracks and fissures
in soil liners caused by improper placement procedures, or punctures and incom-
plete sealing of the seams of flexible membrane liners can compromise performance
(McBean et al., 1995).

Leachate leakage through a properly constructed liner is not high. However,
there is an issue of longer-term integrity of synthetic layers in continuous contact
with landfill leachate (McBean et al., 1995). Data provided by Gordon et al. (1989)
suggests that leakage through a clay liner reduces over time (due to a decrease in
liner permeability). Multiple-layered liners are generally considered to be a more
robust approach to prevent contaminant migration. A double-lined landfill is called
a composite lined landfill and comprises a synthetic membrane overlying a clay liner

(Bagchi, 2004). Specific site conditions will determine the minimum thickness of
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these layers. An important consideration is that transport may be governed by
advective (pressure gradient) or diffusive flow (concentration gradient). Of these
two processes, Quigley et al. (1988) showed that diffusion was the more important

mechanism owing to the low permeability and porosity of clays.

2.5.3 Hydrological and Meteorological Controls

There are a number of hydrological and meteorological controls on gas transport
in the sub-surface. The controls include: soil saturation, rainfall, temperature, pH,
atmospheric pressure, wind velocity. The influences on gas migration are discussed

in this section.

Atmospheric Pressure and Wind Velocity

Perhaps the most significant meteorological control on gas transport in the sub-
surface is the influence of atmospheric pressure. There are numerous studies and
reviews reporting an inverse relationship between atmospheric pressure gradient and
gas emission/migration, including: Christophersen and Kjeldsen (2001); Christo-
phersen et al. (2001); Czepiel et al. (2003); Poulsen et al. (2003); Gebert and
Grongroft (2006); Scheutz et al. (2009); Gebert et al. (2011); Rachor et al. (2013);
and Delkash et al. (2016). It is important to note that wind is induced by at-
mospheric pressure gradients. Emission and dispersion of CH, and CO, from a
sub-surface source will be dependent upon wind velocity.

In a study of passive landfill gas emission, Gebert and Grongroft (2006) showed
that gas flow was driven by variations in atmospheric pressure. They asserted that
advective gas flow reversed more than once daily and that atmospheric pressure
changes below 1 mbar were enough to induce immediate changes in flow direction.
Furthermore, Gebert and Grongroft (2006) determined that diurnal variations in
atmospheric pressure up to 4 mbar controlled gas flow direction, but were often
superimposed by longer-term pressure changes associated with atmospheric highs
and lows.

This corroborated the work of Czepiel et al. (2003), who reported a significant
inverse relationship between gas emission and atmospheric pressure gradient. A
linear regression yielded a correlation coefficient, 72, of 0.95 from landfill gas emission
data (Czepiel et al., 2003). Additionally, Pedersen (2010) observed that the scale
of the pressure gradient governed the magnitude of the emission. For instance, a
shallow negative pressure gradient over a long period of time was noted to result in a

lower positive pressure in the landfill (Pedersen, 2010). Conversely, Christophersen
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et al. (2001), did not find a strong correlation between pressure gradient and gas
emissions (r? = 0.37). Although the correlation was statistically significant (P <
0.001), Christophersen et al. (2001) argued that barometric pressure was not the
most important controlling factor on gas emissions.

Building on earlier work, Gebert et al. (2011) proposed a simplified matrix to
assess the relative importance of different factors. For gas transport governed by
diffusion, soil temperature is a heavy influence. Time-scales are monthly reflecting
seasonal variability. Also, in terms of diffusion transport, Gebert et al. (2011) noted
that soil moisture impacted gas balance on shorter time-scales such as hourly and
weekly, but also increased towards seasonality. By comparison, the authors noted
that wind and changes in barometric pressured affected gas transport predominantly
on very short time-scales such as hours or minutes.

Contrasting to these observations, Gebert et al. (2011) stated that when gas
transport was dominated by advection, barometric pressure fluctuations had a higher
impact on gas composition across all scales. The significance of soil moisture and
soil temperature was lower under advection transport control. By extension, wind
velocity and associated near-surface pressure changes were assumed to influence gas
composition at sites of advective transport (Gebert et al., 2011). These observa-
tions relating to pressure gradients were also supported by Rachor et al. (2013) and
Delkash et al. (2016).

Soil Temperature and Saturation

Greenhouse gas production in soil is directly affected by soil temperature and mois-
ture due to effects on micro-organisms and root activity (Smith et al., 2003). Gas
diffusivity is inversely proportional to soil water content and controls the movement
of gases to and from the atmosphere. With increasing height of water table, CH, is
driven towards the surface while CO, is dissolved into the groundwater due it being
58 times more soluble in water than CH, (Hooker and Bannon, 1993). As emissions
of CO, resulting from soil respiration are 10-15 times greater than from fossil fu-
els, soils and vegetation are considered to be the principal sources from which CO,
enters the atmosphere (Raich and Schlesinger, 1992).

For depths of 2, 5 and 10 c¢m, Davidson et al. (1998) reported corresponding
diurnal temperature responses (Q19) for CO, fluxes of 2.2, 2.7 and 4.2. With in-
creasing depth, there is a decrease in diurnal temperature variation (Davidson et al.,
1998). According to Smith et al. (2003), the release of CO, from soil organic matter
by heterotrophic respiration and autotrophic root respiration, generally increases

exponentially with temperature. Additionally, greater microbial activity (and con-
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sequent CO, production and emission) rate in the uppermost layers of soil will be
expected due to greater effect of diurnal temperature changes (Smith et al., 2003).

Soil water content (particularly water-filled pore space) is another variable that
affects soil respiration rates (Xu and Qi, 2001). As soil dries, a critical point is reach
at which microbial activity is inhibited and respiration decreases (Smith et al., 2003).
In very wet soils, aeration is restricted due to a high proportion of the pores being
filled with water. Under these conditions, respiration is also constrained and CO,
flux decreases. This affect is not as prominent as when water shortage is the limiting
factor (Smith et al., 2003).

From a soil science perspective, depth of water table also has an important effect
on soil respiration. For example, Davidson et al. (1998) showed that water table
effects O, supply to the decomposer microflora that are a major control on CO,
emission in high latitudes in soils with thick organic layers. It is for this reason that
afforestation as a potential mitigation strategy for fossil fuel emissions of greenhouse

gases has become a topical issue following the Kyoto Protocol (Smith et al., 2003).

2.5.4 Detection and Measurement

Commercially, there is a wide range of equipment and instrumentation available for
the detection and measurement of CH, and CO, in the sub-surface. In particular,
there is a healthy industrial market for landfill gas monitors with multiple manufac-
turers producing instruments. Although designed specifically for the monitoring of
landfill gas, many of these instruments may be adapted for use across a wide-range of
applications including natural emissions, shale gas exploration, hydraulic fracturing
‘fracking’ and Carbon Capture and Storage (CCS). Traditionally, hand-held point-
measurement monitors were the primary choice for gas measurement and regulation
compliance. However, in more recent years there has been a move towards high tem-
poral frequency monitoring (for example, Wadey-Leblond (2012)). A review of the
available techniques is given in this section and is divided into point measurement

monitoring and high temporal frequency monitoring.

Point Measurement Monitoring

In the UK, the two main manufacturers of hand-held portable, point measurement
landfill gas analysers are Geotechnical Instruments (UK) Ltd and Gas Data Ltd.
Both companies produce a range of products. Currently Geotech UK models in-
clude, ‘GA5000 Portable Landfill Gas Analyser,” ‘GEM5000 Portable Landfill Gas
Extraction Monitor,” ‘BIOGAS 5000 Portable Biogas Analyser,” ‘BIOGAS 300 and
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GA3000 PLUS Fixed Landfill Gas and Biogas Analysis Systems,” ‘AP Autopumps
range for landfill pumps, leachate pumps and condensate pumps,” and ‘ATEX dip-
meters for leachate and liquid level monitoring’.

Similarly, Gas Data Ltd produce an array of products that include, GFM Series
Portable Gas Analysers, GFM Series Portable Gas Flow Meters, Fixed Gas Analysis
Systems and Wastewater & Sewage Management. The GFM Series Portable Gas
Analysers currently include, ‘GFM436’ (for site investigation, landfill and compli-
ance), ‘GFM426’ (portable landfill gas extraction monitor), ‘GFM406" (multichan-
nel portable gas analyser) and ‘GFM225 (CO, detector and security analyser). At
the time measurements were taken the most recent models available to the author
were Geotech UK’s GA2000 (equivalent to GA5000) and Gas Data Ltd’s GFM435
(equivalent to GFM436).

Flow Measurement

Borehole flow is the mass movement of gas in a borehole. Usually, it is expressed as
either being in the positive direction (venting) or negative direction (sucking). Flow
is heavily related to atmospheric pressure and to the mass production of gas in a
landfill. Under conditions of falling atmospheric pressure, it is usual to anticipate
a positive borehole flow as the negative pressure gradient will allow gas to move
upwards towards the surface. Therefore, if air pressure is rising, we expect negative
borehole flow.

Another way to describe borehole flow would be to analyse the difference between
borehole pressure and air pressure. If the borehole pressure is less than the atmo-
spheric pressure, a positive pressure gradient is formed and positive borehole flow
conditions exist. If the borehole pressure is greater than the atmosphere, however,
a negative pressure gradient exists and the borehole is said to be under negative
borehole flow conditions.

Changes in the flow readings can be used as a useful indicator that a change
has occurred within a landfill. However, this requires that measurements are re-
producible. Care needs to be taken to ensure that samples are taken by the same
procedure each time. If flow readings do show change, it can be used to inform the
operator that further investigations are required.

Flow rates are also subject to changes in atmospheric pressure. If atmospheric
pressure is falling, the user might anticipate a positive borehole flow reading and
vice versa. Therefore, it is essential to monitor during pressure fall and pressure rise
and record absolute atmospheric pressure in order for any flow readings obtained to

have any context and significance.
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Manufactured by ShawCity UK Ltd, the GFM435 portable landfill gas monitor
is Monitoring Certification Scheme (MCERTS) and ATEX approved. It is optimised
for site investigation and peripheral landfill monitoring.

Gas flow rates from a ground borehole are measured using a miniature thermal
dispersion flow transducer. This device is bidirectional and carries the following

calibration specification.

e In the borehole out-flow direction (or venting/positive flow) 0 to 100 1/hr (or
0 to 2.78x107° m?3/s).

e In the borehole in-flow direction (or sucking/negative flow) 0 to -60 1/hr (or 0
to -1.67x10° m?/s (Gas Data UK Ltd, 2012).

The instrument’s internal transducer pipe connections are sized so that the in-
strument itself presents negligible impedance to the gas flow. Typical impedance
measurements are less than 50 Pa at 100 1/hr. In the field, the instrument is con-
nected to a borehole valve by a 0.6 m length bore hose that has an internal diameter
of 0.003 m.

The purpose of a field measurement is to assess the rate of discharge of gas from
a venting borehole and the consequential change of gas pressure in the borehole.

The pressure indication (dp) is a cross calibration of gas flow to pressure at
the borehole end of the sample tube. That is, the pressure indicates is the pressure
difference between the gas in the entrance of the sample tube and atmosphere whilst
the gas is flowing. Consequently, the flow reading is a dynamic measurement. Over
time, the pressure reading from the GFM435 will reduce as gas from the borehole
is exhausted through the instrument. This concept is generally accepted as a good
analogy for a borehole venting to the atmosphere.

However, the calibration for dp is only valid when the sample tube specified
by the manufacturer is employed. Validation of the data is compromised if the
sample tube length or diameter is altered, or if any inline filter is incorporated.
Furthermore, annual recalibration of the flow and pressure channels is recommended
by the manufacturer as a field instrument is subject to damaging events such as
dirt/water ingress, over/under range flow surges, shock, extremes of temperature.

A miniature thermal dispersion pressure transducer that is equipped with the
GFMA435 is preferable to a digital manometer as a digital manometer does not permit
gas flow and therefore takes a static pressure reading only. It is argued that this is
not analogous to a venting borehole.

A complicating factor is that a capped landfill, with air-tight sealed boreholes

will build up static pressure. This pressure is related to the rate of gas generation.
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However, it is also heavily influenced by gas permeability, thickness of cover and
preferential pathways that may exist. Geotechnical Instruments (UK), the manu-
facturer of GA2000 argue that the pressure in a borehole, and thus a landfill, cannot

be used as an indication of gas generation rate (Riley, 2009).

Under equilibrium conditions, gas generation within a landfill is balanced by the
loss of gas. In these circumstances, there will be no gas flow into or out of the
borehole as the borehole pressure will be the same as the pressure in the landfill.
When a flow measuring instrument is connected to the borehole and the tap is
opened, the equilibrium conditions described above are disrupted. Gas will be forced
out of the borehole as the pressure in the borehole will equilibrate with atmospheric

pressure.

With the borehole tap opened, the system is opened to the atmosphere and the
borehole will consequently reach near atmospheric pressure. As the landfill will be
at a higher pressure, the low pressure borehole acts as a sink for the high pressure
gas in the landfill. In other words, a flow of gas will enter the borehole from the
surrounding landfill. Factors including internal landfill pressure, permeability of
waste, existence of preferential pathways, moisture content and water table will
affect the measured flow. It is argued that without a restriction applied to the flow,
a reading will not be a true indication of the gas generation within a landfill (Riley,
2009).

Therefore, the GA2000 is fitted with a restrictor to gas flow (Riley, 2009). Less
gas is removed from the borehole and accordingly, the pressure within the borehole
is not as reduced as much as before. Also, the equilibrium state of the landfill is not

as disrupted as much.

This method, known as the restricted flow method yields lower values for the
measured flow. Arguably, this ‘low flow’ alternative method does no suffer as much

from the gas sink effect as the open flow method (Riley, 2009).

An advantage of this restricted flow method is that restrictor in the instrumen-
tation’s system is the limiting factor. The measured flows will be independent of
any other parameters such as pipe length and internal diameter. Flow readings are,
therefore, more reproducible and allows the operator to compare readings taken over
long timescales and identify any changes over the lifetime of the landfill. However,
as discussed, it is not possible to determine absolute gas generation rate from a

landfill by this approach.

A summary of the manufacturers specifications is provided in Table 2.8.
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Specification GA2000 GFM435

Manufacturer Geotechnical Instruments (UK) Ltd Gas Data Ltd

Flow Transducer Restricting flow transducer (unknown  Bidirectional thermal dispersion flow
restriction factor and whether the transducer (does not limit flow and is
restriction is arbitrary). equipped with pressure indication

facility).

Calibration Range 0 to 20 I/hr &+ 0.3% (unable to 0 to 100 1/hr (positive borehole flow).

measure negative borehole flow). 0 to -60 1/hr (negative borehole flow).

Table 2.8: Landfill Gas Analyser Manufacturer Flow Measurement Specifications

High Temporal Frequency Monitoring

At the present time, GasClam®, developed by IonScience Ltd and distributed
through ShawCity Ltd is the first and so far only ground gas monitor in the UK fa-
cilitating the automated capture of long-term, high frequency data. It is capable of
a sample rate frequency of every three minutes. Like traditional hand-held monitors,
it measures CH,, CO,, O, as well as H,S and Volatile Organic Compounds (VOCs).
Additionally, it is capable of measuring ambient temperature, ambient pressure,
borehole pressure, differential pressure and water depth. However, the model used
for this research was not equipped with the water depth gauge. Crucially, the Gas-
Clam has been used to monitor ground gas concentrations by Cuadrilla Resources
Ltd during Shale Gas exploration in Lancashire, UK during the time-frame of this
research (Wadey-Leblond, 2012).

Unlike the hand-held equivalent instruments that quantify flow, the GasClam
does not. Instead, the ambient pressure and borehole pressure are recorded. A
differential between these two pressures is calculated. When the differential pressure
is positive, ambient pressure is less than borehole pressure. Under these conditions,
there is a mass movement of gas (CH, and CO,, from borehole to atmosphere). A
greater differential results from a steep decline in atmospheric pressure. Conversely,
a negative differential results from atmospheric pressure being greater than borehole

pressure. When these conditions prevail, air enters a borehole from the atmosphere.

Summary of Technical Equipment Specifications

A summary of the specifications of the three landfill gas analysers is provided in
Table 2.9. The method used to quantify gases along with calibration range, accuracy

and resolution is provided.
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Specification GA2000 GFM435 GasClam

Infrared 0-100% v/v
CH, (Accuracy 0.5% < 70%

1.5% > 70%)

Infrared 0-100% v/v

Infrared 0-100% v/v
(Accuracy 0.2% at 5.0%
1.0% at 30.0%)

Infrared 0-100% v/v

Infrared 0-100% v/v
(Resolution 0.5% < 50%
1.0% > 50%)

Infrared 0-100% v/v

CO, (Accuracy 0.5% < 60% (Accuracy 0.1% at 10.0% (Resolution 0.5% < 50%
1.5% > 60%) 3.0% at 50.0% 1.0% > 50%)
Electrochemical Electrochemical Electrochemical

O, 0-25% v/v 0-25% v/v 0-25% v/v
(Accuracy 1.0%) (Accuracy 0.5%) (Resolution 0.1%)
Electrochemical Electrochemical Electrochemical

H,S 0-1,000 ppm 0-1,500 ppm 0-100 ppm
(Accuracy 2% f.s.) (Accuracy 5% f.s.) (Resolution 1 ppm)
Electrochemical Electrochemical Electrochemical

CcO 0-1,000 ppm 0-1,000 ppm 0-1,000 ppm

(Accuracy 2% f.s.) (Accuracy 5% f.s.) (Resolution 1 ppm)

Photoionisation Detector

VOCs N/A N/A 0-4,000 ppm
(Resolution 1 ppm)
Atmospheric Pressure Transducer Pressure Transducer Piezoelectric

Pressure

Borehole or

700-1200 mbar
(Accuracy 5 mbar)

Pressure Transducer

800-1200 mbar
(Accuracy 1 mbar)

Pressure Transducer

800-1200 mbar
(Resolution 1 mbar)

Piezoelectric

Differential —500-500 mbar —100-300 Pa 800-1200 mbar

Pressure (Accuracy 4 mbar) (Resolution 1 mbar)
External Probe External Probe Internal Chip

Temperature —10.0-75.0°C —10.0-100°C —5.0-12.0°C

(Accuracy 0.5°C) (Accuracy 0.5°C) (Resolution 1.0°C)

Table 2.9: Landfill Gas Analyser Manufacturer Specifications

2.6 Historic Incidents

Despite the widespread presence of CH, and CO, gases in the sub-surface, incidents
that have resulted in damage/destruction of property, injury or death have been
mercifully few and far between. However, a number of incidents concerning landfill,
mine workings and coal gas in the UK during the 1980s and 1990s has led to an
increase in public awareness, helped develop the knowledge-base of mechanisms in
the sub-surface and tightened regulation. Crucially, this has resulted in improved
engineering techniques and more rigorous engineering practises which has improved

worker and public safety.

2.6.1 Abbeystead, Lancashire, UK, 1984

The Abbeystead disaster occurred on 23 May 1984 during a public demonstra-
tion of a new water pumping facility provided by the North West Water Authority
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(NWWA). Eight people were killed instantly with a further eight succumbing to
their injuries later. A further 26 people received non-fatal injuries. The valve house
was extensively damaged in the explosion (Orr et al., 1991; HSE, 1985). This con-
stituted one of the worst explosions involving CH, derived from shale gas in the
British Isles.

Although the cause of ignition was never identified, it was determined that CH,
had been displaced from stagnant water in a void formed at the end of a tunnel
in the preceding 17 days before the explosion (Carson and Mumford, 2007). When
pumping resumed for the demonstration on the evening of 23’4 May 1984, as the
water levels rose in the tunnel, it forced out the CH,/air mixture in the void through
the air valves located above the access end of the tunnel and into the sealed vent
chamber. From the vent chamber the gas was free to flow through the large open
vent pipe into the valve house (Orr et al., 1991).

Investigations following the incident involved geological surveys to determine
potential sources of gases and reservoirs along with analysis of gas and water samples

to identify the source. The main conclusions were (from Orr et al. (1991)):

e Isotopic analysis showed that the CH, was derived from source rocks at con-
siderable depth (i.e. shale gas).

e The CH, was migrating upwards to a trap at the level of the tunnel, most
likely at a constant rate.

e A possible mechanism for CH, migration was by ‘gas-lift pump’ as CH, is
insoluble in water at high pressure.

e CH, entry was concentrated mainly near to the axis of an anticline about
2.0-2.5 km distant.

e In dissolved and free gas form, the long-term average rate of CH, egress from
the tunnel was 8 kg/day.

e Water entry was predominantly from the Abbeystead (southern) limb of the
anticline.

e Inversely proportional to barometric pressure, CH, inflow varied and responded
to other factors such as transfer rate and previous operating history.

e It was estimated that ~ 50% of CH, entered the tunnel as a free gas.

An important aspect of this case was that there were no associated former mine
workings in the vicinity. The void where the explosion occurred was operational
and had not been decommissioned. The CH, gas that had caused the explosion
was derived from a deep geological source. It was postulated that because the long-

term rate of entry of CH, did not vary significantly between 1984 and 1991, the
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source reservoir was of considerable capacity. Therefore, the lower trap in the reef
deposits in the Carboniferous Bowland shales at a depth of 1,000 m was identified
as the most likely reservoir (Orr et al., 1991). This is of crucial significance to the
research presented here as most of the research sites are located above the Bowland-
Hodder unit in NW England. Furthermore, this is a likely future area of shale gas

exploitation.

2.6.2 Loscoe, Derbyshire, UK, 1986

By far the most prominent example in geotechnical engineering is the Loscoe ex-
plosion in Derbyshire, UK which occurred on 24" March 1986. Landfill gas (60%
CH,:40% CO,) migrated laterally 70 m from Loscoe landfill resulting in the destruc-
tion of one residential property and injuring the three occupants of the building
(Williams and Aitkenhead, 1991). To determine the cause of the explosion, Der-
byshire County Council commissioned the British Geological Survey to carry out
investigations involving assessment of the geology, determination of soil gas com-
position, review migration mechanisms and pathways, and examine meteorological
effects (Aitkenhead and Williams, 1986).

A specific chain of events and a series of coincidences was found to have caused
the explosion. A summary of the data and evidence is provided below (from Williams
and Aitkenhead (1991)):

e The landfill was a former brick clay quarry. It received inert waste between
1973 and 1982. In 1984, part of the site was lightly covered with permeable
material. A clay layer to cap the site was added shortly before the explo-
sion in 1986. Landfills of this age were generally engineered to much lower
specifications and did not require any basal lining.

e Precursors in 1983 included the necrosis of vegetation (trees and lawn) in the
garden of the destroyed property. Additionally, the soil became warm, dried
out, crumbled and a white fibrous mould was observed. Adjacent properties
experienced the same phenomena and unpleasant odours.

e As a precaution, British Coal installed a stand-pipe with a flame trap to vent
soil gas to the atmosphere after a 0.5 m hole exposed muddy water bubbling
with gas which contained 50% of the lower explosive limit of CH,.

e Analysis of the gas indicated that it was more likely to have been evolved from
rotting material rather than a burning coal seam.

e The local geology is comprised of Middle Coal Measures strata of Westphalian

age that crops at or near the surface. The Middle Coal Measures comprise
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coal, mudstones, siltstones and sandstones around the broad and shallow Ship-
ley Syncline. At Loscoe, the beds dip 5°to 11°in a general south-easterly di-
rection with no faults or minor folds. Despite mudstones having the lowest
permeability, the gently inclined interbedded rock sequence allowed the lat-
eral, unrestricted migration of landfill gas. However, a thin surface layer (~
1 m) of clay comprising Head and glacial till restricted movement of gas to
the surface except where breached by excavations such as those for building
foundations or underground service trenches.

Gas movement by diffusive flow modelled by Fick’s Law was dismissed as too
inefficient. Working on the basis of an initial 60% CH, concentration at the
landfill boundary and a diffusion coefficent of CH, in unsaturated sandstone
of 3x10°% m?/s, it would require a period of 26 years to achieve a 5% CH,
concentration 100 m distant. These figures were far beyond the parameters
observed for the explosion.

On the morning of the explosion, a deep Atlantic depression was crossing
the UK resulting in an atmospheric pressure drop of 40 mbar in 10 hours.
The explosion occurred after a fall of 20 mbar. However, the mechanism of
movement is more complex. The investigators considered whether the gas
was free to escape uniformly or whether it escaped from a specific point, i.e.
where the surface clay is breached. Other factors that needed to be considered
were the volume of the rock containing the gas and the gas diffusivity in that
medium. None of these factors were known with any accuracy at Loscoe. An
approximation was calculated to prove the barometric pressure mechanism

using the following assumptions:

— No CH, was initially present under the floor.

— Influx of gas resulted only from the atmospheric depression.

— The volume of the underfloor space was estimated to be 120 m? (10 m x
12m x 1 m).

— The explosion took place at the lower explosive limit of CH, in air (5%).

— The volume of CH, required to have entered the underfloor space would
have been 6 m® (5% of 120 m?).

— Landfill gas contains 60% CH,, the volume of gas required to have been
expelled from the ground was 10 m?.

— If expelled in 5 hours (during the depression), the flux would have at least
needed to be 2 m?/hr.

— If CH, was already present in the sandstone beneath the underfloor space,

this flux could have easily been achieved by a 40 mbar change in pressure,
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given that sandstone is more permeable to landfill gas than to water.

e Gas samples from the soil were consistent with landfill gas (CH,:CO, 60%:40%).
Gas derived from the stand-pipe was separated into CH, and CO,. Radiocar-
bon (}C) analysis of CH, recorded a 1*C value of 125%, indicating a modern
source such as landfill and not the underlying coal strata. Additionally, the
mains gas was ruled out as the source of the explosion as C,Hy normally present
in the mains supply at 3-4% v/v with a CH,:C,Hj ratio of about 25:1 was not
present in the soil gas in the same proportions. Furthermore the mains gas

CO, content of < 0.5% was much lower than the soil gas CO, content of 40%.

A landmark case, Loscoe set a precedent and brought new knowledge to geotech-
nical engineering that resulted in tighter regulation and higher specification engi-
neered systems. An important issue outlined by the incident was gas source and
responsibility. The evidence documented by Williams and Aitkenhead (1991) proved
that it was the landfill operator who was responsible for the explosion and not the
Coal Board or Gas Supplier.

Furthermore, little consideration had previously been given to potential migra-
tion of gas off site from landfills. Therefore, conceptual site models take into greater
account the geology and hydrogeology of a site as well as changes induced by me-
teorology. Conceptual models are tailored for each location and take into account
a greater depth and breadth of factors. In conjunction with a robust conceptual
site model, monitoring of the site by means of gas monitors and boreholes are now
employed to a maximum for optimum regulation and public perception of safety. In-
deed, gas monitors have become a new industry over the last 25 years with multiple
manufacturers offering a range of instruments across the market.

Additionally, landfill engineering specifications are much higher compared with
the 1960s and 1970s. Usually, landfills contain a sophisticated basal lining system
and cap to prevent/minimise migration of gases and leachates off site as much as
possible. A typical basal lining may comprise engineered clays and low density
flexible membranes to contain gases and leachates. Landfill caps may typically

utilise a thick clay (1 m) and restoration soils.

2.6.3 Arkwright Town, Derbyshire, UK, 1988

Incidents involving gases, particularly CH, associated with mine workings have been
well documented from the early days of mining in the UK. Between 1851 and 1980,
there were no fewer than 186 major explosions in British coal mines attributed to

firedamp (explosive concentration of CH, 5% v/v — 15% v/v) resulting in ~ 10,000
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fatalities (Turton, 1981). An incident concerning firedamp occurred at Arkwright
Town, Derbyshire in late 1988.

On 9" November 1988, more than 40 families were evacuated by the local au-
thority after CH, was found to be seeping into houses. Following the closure of
Arkwright Colliery in early 1988, groundwater levels began to rebound forcing CH,
from underground voids. Entry into private premises was believed to be through
cracks that had been caused by subsidence. As a precaution, the settlement was

completely demolished in 1995 and relocated a safe distance from the former colliery
workings (Hall et al., 2005).

2.6.4 Widdrington, Northumberland, UK, 1995

Blackdamp, a mixture of N,, CO, and water vapour gases that displaces O,, is par-
ticularly associated with abandoned mine workings. Due to its greater density than
air, it is often located in low-lying areas such as natural depressions in topography
and man-made ditches for underground services. On 11*" February 1995, it claimed
the life of 60-year-old, Donald Tollett at the Kava Furniture Factory, Widdrington,
Northumberland. The factory, a private premises, was located in former colliery
buildings. On bending over to attend to a collapsed collie dog, Mr Tollett also
collapsed and died as a result of asphyxiation (Hall, 2007).

The abandoned mine workings were identified as the source of the gas. A number

of conditions were attributed to the timing of the gas release (from Hall (2007)):

e Steady barometric pressure conditions for several days prior to the incident
followed by a sudden fall in pressure.

e A positive pressure was established by a sufficient build-up of gas within the
mine workings.

e Pumping cessation from the old mine workings had lead to groundwater re-
bound.

e The drift entrance was not a gas-tight seal.

e Above the drift entrance there was little or no ventilation in the buildings that

lead to an accumulation of gas.

As a result of this fatality, remedial steps were taken to minimise future risk at
the site. This included the excavation of the top 5 m of drift which was backfilled
with a clay-rich material. Meanwhile the drift entrance was completely sealed in
concrete and a vent pipe was installed (Hall, 2007).

A similar incident occurred near Barnsley, South Yorkshire in 1998 when 22-year-

old Christopher Noonan suffocated while laying sewer pipes in a trench. It was later
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identified that blackdamp had leaked into the trench from a nearby disused colliery.
In December 2000, Barnsley Council admitted to two breaches in health and safety
regulations by not properly appraising the risk posed by mine gas when the work
was planned in the vicinity of a former colliery. The authority was subsequently
fined £20,000 at Sheffield Crown Court (Humphries, 2001).



Chapter 3

The Research Sites

3.1 Introduction

This chapter introduces the three research sites and control site from which data
were collected for this project. A description of location, geology and hydrogeology
are given for each site and in relation to anticipated movement of gas in the un-
saturated zone. The sites were selected as the underlying geology included a thick
unsaturated zone (confined by glacial clays) through which CH, and CO,, gases could

be transported. Figure 3.1 indicates their approximate locations within the UK.

€
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University
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Control : Site 1

Figure 3.1: Outline Map of the UK Showing Approximate Locations of the Sites (Map from d-maps.com (2015))
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3.2 Site 1

3.2.1 Site Location and Description

Figures 3.2 and 3.3 indicate the location of Site 1 within Cheshire, UK. The entrance
to the site is located at 53.269397 °N, -2.174366 °E or OS grid reference SJ 885 747.

Figure 3.2: Aerial Photograph Showing the Location of Site 1 within Cheshire, UK

A former sand quarry, the site was progressively filled with inert waste starting
from 1968. According to the Environment Agency (2010b), inert waste is defined as
that which does not undergo any significant physical, chemical or biological trans-
formation. Inert waste does not dissolve, burn or otherwise physically or chemically
react, biodegrade or adversely affect other matter that it comes into contact. It does
not likely give rise to environmental pollution or harm human health.

Over half of the quarry void was filled by 1991. In order to allow reclamation
of the quarry and to raise the level to the surrounding land, tipping of solid non-
biodegradable wastes (e.g. soils, sands, clay, clean brick and stone) commenced in
1998. By 2003, landfilling operations had ceased, at which point, gas monitoring of
the site began. As it is the oldest landfill site studied, it is also the least engineered.

Generally undulating in nature, the adjacent land slopes gently downward in a
northerly direction. To the north and east, the site is bounded by pasture, while
the south and west boundaries are bordered by residential dwellings and gardens.

Consequently, there is a potential receptor of any uncontrolled gas migration.
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Figure 3.4 clearly shows how the array of monitoring well installations was de-
signed to capture movement of landfill gas away from the landfill. Boreholes 06/17
and 06/18 provide the nearest indication of any imminent danger of environmental

hazard to human life resulting from migration of landfill gas.
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Figure 3.3: Ordnance Survey Map Indicating Location of Site 1 (from Ordnance Survey (2015b))

3.2.2 Geology and Hydrogeology

Figure 3.5 shows schematic geological cross-sections of Site 1. The underlying solid
geology consists of the Permo-Triassic Tarporley Siltstone Formation, which dips in
a westerly direction. Glacial drift deposits of varying thickness overly the Permo-
Triassic bedrock. The rock-head lies approximately 30 m below ground level. Imme-
diately overlying the bedrock is an impermeable layer of Lower Boulder Clay that
varies in thickness. This in turn is overlain by the Middle Sands which is generally in
excess of 15.2 m thick (Martin, 2005). During quarry operations, it was the Middle
Sands that were commercially excavated. Capping the Middle Sands is an upper
layer of Boulder Clay that is between 0.9 m and 3.6 m thick.

The Environment Agency classes the Middle Sands as a Secondary A aquifer
and the underlying bedrock as a Secondary B aquifer (Environment Agency, 2010a).
Overall, these are grouped in the Environment Agency’s Minor Aquifer Low Ground-

water Vulnerability Zone (Environment Agency, 2010a). The geological memoir
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Figure 3.4: Map of Site 1 Showing the Locations of Monitoring Boreholes (from Martin (2005))
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Figure 3.5: Cross Sections of Site 1 Showing Geological Relationships (from Martin (2005))
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(Evans, 1968) suggests that the groundwater level limited the quarry base, which
was 12.2 m below the original ground surface. A number of springs occurring around
163 m A.O.D. (Ordnance Datum is defined by the Ordnance Survey as Mean Sea
Level (MSL) at Newlyn, Cornwall between 1915 and 1921) can be identified from
local maps within the vicinity of the site. This spring line occurs where the to-
pography drops below the contact between the Lower Boulder Clay and the Middle
Sands.

The monitoring well installations are approximately 30 m to 35 m in depth (with
boreholes 03/7 and 06/19 to the north of the site being notable exceptions at 10 m
depth). Response zones of all boreholes are confined to the Middle Sands. Slotted
pipe allows gases to permeate from the Middle Sands (generally middle 15 m section
of the installation). Plain pipe is used up to 5 m depth with at least a 1 m bentonite
seal. Therefore, all gases measured in these wells are assumed to originate from the
Middle Sands.

3.3 Site 2

3.3.1 Site Location and Description

Figure 3.6: Aerial Photograph Showing the Location of Site 2 within Greater Manchester, UK

Figures 3.6 and 3.7 indicate the location of Site 2 within Greater Manchester,
UK. The entrance to the site is located at 53.383231 °N, -2.179737 °E or OS Grid
Reference SJ 881 873.

Site 2 is a fully engineered containment landfill facility that was constructed

in phases within the footprint of a former brick clay quarry. The site occupies
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Figure 3.7: Ordnance Survey Map Indicating Location of Site 2 (from Ordnance Survey (2015a))

just over 6 ha, is dome-shaped in relief, stands a maximum 75 m A.O.D. and is
approximately 350 m long by 150 m wide. Household, commercial, construction
and industrial wastes were permitted to be deposited during operations.

Landfill construction was in four phases (1A, 1B, 2A and 3). After installation
of a composite liner, landfilling would commence in that area of the quarry void
and construction of the next phase would begin. Each phase was separated by an
engineered bund, designed to minimise the movement of any leachate produced at
the site. Landfilling took place over a 5 year period from July 1998 to October 2003.
The landfill cap specification features a 2.0 mm high-density polyethylene (HDPE)
flexible membrane liner (FML) over a 1.0 m thick clay layer. This is overlain with
a 1.0 m layer of restoration soils (Jowett and Martin, 2008). A summary of landfill

construction is contained in Table 3.1.

Landfill Phase Start Date Completion Date

Phase 1A July 1998 September 1999
Phase 1B September 1999 October 2000
Phase 2 October 2000 December 2001
Phase 3 December 2001 October 2003

Table 3.1: Construction history of Site 2

To the north east of the site is a former landfill area operated by a different

authority. It is understood that this site was not constructed with formal contain-
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ment engineering. Instead, it relies on the natural clays to attenuate potentially
polluting emissions. This site is older having obtained its licence for the tipping of
domestic and commercial waste in a former clay pit in 1979. By 1989, high levels of
CH, emissions were recorded. An active ventilation system was installed to mitigate
against this. In 1995, landfill gas barriers were installed along the perimeter of this
landfill site. However, the specifications of these installations are unknown.

Figure 3.8 shows the array of monitoring boreholes on the perimeter of the land-
fill facility. None of the boreholes are situated within the landfill waste as they are
designed to capture gas concentration on the perimeter only. Consequently, there
should be no high concentrations (> 10%) of CH, and CO, due to the high speci-
fication of the landfill liner. Any concentration that exceeds this is hypothesised to
originate from the underlying geology or the nearby older landfill.

Old unengineered
landfill
(assumed boundary)

N KEY
@ Borehole

? © Surface water formation Q\
@ Railway embankment

O Buildings (including land boundaries)

100 m @ Landfill (including permit boundary)

Figure 3.8: Map of Site 2 Showing the Locations of Monitoring Boreholes (from Jowett and Martin (2006))

3.3.2 Geology and Hydrogeology

In a regional context, Site 2 is located on the northern boundary of the Cheshire

Basin. Permo-Triassic mudstones and sandstones overly Westphalian (Carbonifer-
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ous) Coal Measures at depth (Figure 3.10) (Taylor, 1963). Faults in this area tend
to be orientated north-south, affecting both the Permo-Triassic and Carboniferous
deposits. The whole area is overlain by Glacial Till. Borehole logs indicate that the
Glacial Till across the site is composed of a firm to stiff, dark brown, silty clay with
occasional sand and gravel, and occasional lenses of fine sand (Jowett and Martin,
2008). The thickness of this clay is between 5.5 and 19.0 m.

Site 2 immediately overlies sandstones of the Permo-Triassic Sherwood Sandstone
Formation. Aligned below the west portion of the site and running approximately
NNW-SSE, the Cheadle Heath Fault has downthrown the Wilmslow Sandstone to
the east of the fault, alongside rocks of the older Pebble Beds Group to the west.
The beds dip slightly in a westerly direction (Jowett and Martin, 2006).
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Figure 3.9: Quartz Content (%) at Increasing Depth (from Barlow (1996))

In an earlier study of Boulder Clay as a model brick-clay raw material at Site
2, Barlow (1996) demonstrated that there is no clear boundary between the Lower
Boulder Clay, ‘lower unit’ and the Permo-Triassic bedrock, ‘Bunter Sandstone’ (now
known as Sherwood Sandstone Group) (Figure 3.9). As the inferred boundary is
crossed (~ 75 m A.O.D.), the Quartz (SiO,) content increases from < 57 > 45%
to < 90%. This is a strong indication that the top-surface of the Permo-Triassic
bedrock is heavily weathered. Consequently, this may present many conduits for gas

(particularly CH,) migration from the underlying Lower Pennine Coal Measures.
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The Sherwood Sandstone Formation is classified as a principal aquifer by the
Environment Agency due to its high inter-granular and/or fracture permeability
(Environment Agency, 2010a). Consequently, it is grouped in the Major Aquifer,
High Groundwater Vulnerability Zone. However, the site is not located within a
Source Protection Zone (SPZ) of any major abstractions (Environment Agency,
2010a).

Regional groundwater flow is shown to be from SSE to NNW and the piezometric
surface at the site is ~ 57.0 m A.O.D. according to British Geological Survey (BGS)
Records (Allen et al., 1997a; Jowett and Martin, 2006). Flow is thought to be in
hydraulic continuity with a water course to the west of the site. Groundwater strikes
were made at ~ 45.0 m A.O.D. within the sand and gravel unit at the base of the
superficial deposits (Jowett and Martin, 2006). Generally, groundwater levels are
higher in boreholes to the NE of the site (BHs 01, 04 and 07) than those to the SW
(BHs 11, 13 and 16). This appears to confirm the direction of groundwater flow.
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Figure 3.10: Cross Sections of Site 2 Showing Geological Relationships (from Jowett and Martin (2006))

3.4 Site 3

3.4.1 Site Location and Description

Unlike Sites 1 and 2 which are located in NW England, Site 3 is located in Hertford-
shire, SE England (Figure 3.11). The entrance to the site is located at 51.825381
°N, -0.054558 °E or OS Grid Reference SJ 881 873.
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The aerial photograph indicates that the surrounding area has mixed land use
including residential, industrial works, leisure (golf course) and agricultural land. It
is bounded to the west and south by primary A-roads.

The site is a permitted landfill facility situated within the footprint of a sand
and gravel quarry covering an area of ~ 55 Ha (Jowett, 2011). It comprises two
separate areas of landfill (A and B). Landfill operations in Area A were completed
in 1997. As of 2011, operations in Area B were still ongoing. At its highest point,
the site is ~ 90 m A.O.D. (Jowett, 2011).

The site was landfilled in phases (cells). Specifications for the construction and

capping of Area A are given in Tables 3.2, 3.3 and 3.4.

¥
62014 Mieroz6R Corporabon,

Figure 3.11: Aerial Photograph Showing the Location of Site 3 within Hertfordshire, UK
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Cell Basal Design Side-wall Design Construction
Date
0 Basal layer of site-won clay placed to No specific design engineering. 1983
a minimum thickness of 2 m.
1 Basal layer of engineered clay Engineered clay side-wall constructed N/A
constructed using won materials. to a height of 4 m.
2 Basal layer of engineered clay Engineered clay side-wall constructed N/A
constructed using won materials. to a height of 4 m. Remainder of
side-wall (adjacent to A-road)
constructed using inert wastes.
3 Basal layer of engineered clay Engineered clay side-wall constructed N/A
constructed using site won materials. to a height of 4 m.
4 From bottom up Lower 4 m section: Base: 1998
e 1 m thickness engineered clay e 1 m thickness of engineered Side-wall: 2000
placed to achieve a clay place to achieve a Cell 4/5 tie-in:
permeability of 1x107° m/s. permeability of 1x107° m/s. 2000
e Geo-textile separator. Upper side-wall:
e Drainage blanket. e 1 m thickness of engineered
clay place to achieve a
permeability of 1x107° m/s.
e Geo-textile separator.
e 1.5 mm thick Linear Low
Density Polyethylene
(LLDPE) Flexible Membrane
Liner (FML) anchored at top
and lower side-wall.
o Geo-textile separator.
5 Basal layer of engineered clay Minimum 2 m thickness of quarry 1995

constructed using site won materials.

overburden left in situ.

Table 3.2: Site 3 Area A Construction Specification (from Jowett (2011))

Plans indicate that the base of Area A landfill cells ranges from 52 m A.O.D.
to 59 m A.O.D. and at the highest point, the wastes attain a thickness of ~ 34

m. Approximate phase dates (where available) are given in Table 3.3. Capping of

Area A landfill cells was phased between 1997 and 2004 using a range of engineering

designs. A summary is provided in Table 3.4.

Landfill Cell Approximate Start Date Approximate Completion Date

0 1983 Not available
1 Not available 1999,/2000
2 Not available 1999,/2000
3 Not available Prior to 2000
4 Circa 1999/2000 2003

5 1995 1997

Table 3.3: Site 3 Area A Construction Dates (from Jowett (2011))
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Area of Landfill Cap Design Year Capped
Cell 0 Thickness of cover soils N/A
Cell 1 - Crown From top to bottom: September 1999

e 1 m thickness of restoration soils.

o Geo-textile separator.

e 1 mm thick Very Flexible Polyethylene (VFPE)
Flexible Membrane Liner (FML).

o Geo-textile separator.

e 300 mm blinding layer.

Cell 1 - NE side slope Thickness of cover soils (installed as a temporary cap). 2000

Cell 2 - Crown From top to bottom: September 1999
e 1 m thickness of restoration soils.
o Geo-textile separator.
e 1 mm thick VFPE FML.
o Geo-textile separator.

e 300 mm blinding layer.

Cell 2 - SE side slope Thickness of cover soils (installed as a temporary cap) 2000

Cell 3 - Crown From top to botton: September 1999
e 1 m thickness of restoration soils.
o Geo-textile separator.
e 1mm thick VFPE FML.
e Geo-textile separator.

e 300 mm blinding later.

Cell 3 - SE side slope Thickness of cover soils (installed as a temporary cap). 2000
Cell 4 - lower slope From top to bottom: 2003
adjacent to primary road e Restoration soils.

e Lapped Geo-synthetic Clay Liner (GCL).
e 300 mm blinding layer.

Cell 4 - crown From top to bottom: 2004
e 300 mm topsoil.
e 700 mm subsoil.
o Geo-textile separator.
e 1 mm thick LLDPE FML.
e 300 mm blinding layer.

Cell 5 Thickness of cover soils Oct/Nov 1997

Table 3.4: Cap Design and Construction Dates for Site 3, Area A (from Jowett (2011))

Area B at Site 3 is permitted to accept non-hazardous domestic, industrial and
commercial wastes. Like Area A, this area has a phased construction and is divided
into individual cells. As of June 2011, landfilling activity was still on-going.

The cells have been designed and constructed with a fully engineered contain-
ment lining system. For the liner base and lower 2 m of the outer side-walls, the

specification is as follows (top to bottom):

e 0.5 m thick leachate drainage blanket (40 mm gravel) extended along liner
base and 3 m up side-wall;
e 80 mm thick layer of Dense Asphaltic Concrete (DAC);
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60 mm thick ‘Asphaltic Binder Layer’;

200 mm thickness of ‘Type 1’ sub-base;

Geotextile separator;
0.5 m thick engineered clay liner compacted so as to achieve a permeability of

less than 1x10™ m/s.

The internal bunds along the cell boundaries also carry this specification. A
similar design (with the exception of the lower engineered clay liner, which is absent)
is also used for the upper sections of the outer side-walls. The landfill base is ~ 50
m A.O.D. at its deepest point in Area B. Additionally, the interface lining system
(ILS) to be constructed against Area A will comprise 1 m engineered clay 1x10™
m/s and HDPE. Construction dates for the Area B cells, along with the beginning

and end of waste depositing are provided in Table 3.5.

Landfill Cell Construction Data Landfilling Start Date Landfilling Completion Date
Cell 1 2003,/2004 July 2004 September 2005
Cell 2 2004,/2005 September 2005 October 2006
Cell 3 2005,/2006 October 2006 September 2007
Cell 4 2006,/2007 September 2007 February 2009 (Partly capped)
Cell 4B 2008 September 2009 Still taking waste
Cell 5 2008 February 2009 August 2010

Cell 6 (South) 2010 July 2010 Still taking waste

Cell 7 (South) 2010 July 2010 Still taking waste

Table 3.5: Site 3 Area B Construction and Landfill Operations (as of 2011) (from Jowett (2011))

The cap design for all cells in Area B of Site 3 is as follows (top to bottom):

e 200 mm topsoil;

e 300 mm subsoil;

Geo-textile separator;
1 mm thick LDPE FML;

200 mm regulating layer.

A map of Site 3 showing the array of perimeter gas monitoring boreholes is given
in Figure 3.13. Each borehole is divided into six to eight sealed (with bentonite)
response zones. Thus, it is possible to extract a gas profile of the ground with
increasing depth at Site 3.

Two older landfills (licences granted in 1977 and 1984) are located to the west and
north of the development, respectively. The contractor of the current development is
not aware of any landfill gas issues arising from these sites (Jowett, 2011). Therefore,

these sites are assumed to have a 0% gas input for the purposes of this analysis.
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Figure 3.13: Map of Site 3 Showing Locations of Monitoring Boreholes (from Jowett (2011))

3.4.2 Geology and Hydrogeology

Regionally, Site 3 is located on the northern limb of the London Basin. It is situated
over solid strata of the Cretaceous Upper Chalk Unit. This encompasses both the
Upper Chalk and Middle Chalk Formations. A nearby deep boring indicates that
the Upper Chalk is 55.8 m thick while the Middle Chalk is 69.2 m thick (Sherlock
et al., 1924). The uppermost 7 m is described as a soft white chalk with many flints
(Sherlock et al., 1924). Taking the form of a broad, gentle synclinal fold orientated
NE — SW, the local strata are assumed to dip gently to the SE (Jowett, 2011).

Overlying the bedrock, superficial deposits are present across the site and gen-
erally comprise Glacial Clay (which outcrops across the western half and eastern
edge) and Glacial Gravel (which is present at the surface as a linear strip running
from north to south). These deposits are absent in the north-western corner of the

site, causing the Upper Chalk to outcrop in this area. The Glacial Clay is generally



70 CHAPTER 3. THE RESEARCH SITES
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Figure 3.14: Cross Sections of Site 3 Showing Geological Relationships (from Jowett (2011))

1 to 5 m thick, while the Glacial Gravel is typically 10 to 22 m thick (Jowett, 2011).

The Environment Agency defines the Upper Chalk as a principal aquifer and
as such is grouped in the ‘Major Aquifer Intermediate Groundwater Vulnerability
Zone’. Additionally it is in the ‘Outer Zone (Zone 2) Groundwater Source Protection
Zone’ which defines the site as being a source of groundwater for public consumption
that is at risk of contamination. The Outer Zone (Zone 2) is specifically defined as
a 400 day travel time from a point below the water table. The superficial deposits
are classified as an unproductive strata (Environment Agency, 2010a). With dual
porosity and dual permeability, the Upper Chalk also comprises a thick unsaturated
zone (30 m) (Gooddy et al., 2007). Although the solid geology differs significantly
from Sites 1 and 2, the presence of a thick unsaturated zone makes Site 3 highly

analogous to Sites 1 and 2.

According to the BGS hydrogeological map for the area between Cambridge and
Maidenhead (Cradock-Hartopp et al., 1984), local groundwater flow is shown to
be in a general southerly direction towards a major water course that lies to the
north of the site (Jowett, 2011). Dedicated groundwater monitoring boreholes on
the northern boundary have recorded groundwater levels in the range 38 m A.O.D.
to 42.5 m A.O.D. while monitoring boreholes on the south-eastern boundary of the

site have recorded groundwater levels in the range 34 m A.O.D. to 37 m A.O.D..
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This would indicate that groundwater generally flows to the SE. However, there are
some monitoring boreholes on the south-eastern boundary that consistently record
groundwater levels in excess of 40 m A.O.D. that contravene this trend (Jowett,
2011).

3.5 Control Site

3.5.1 Site Location and Description

A control site in Cheshire was selected to obtain monitoring data from a location
with similar geological character but without the possible influence of sanitary land-
fill operations or underlying Coal Measures. This site is an operational silica sand
quarry, with a permit dating from 1997. This permit was extended in 2008 to an
extra 11.8 ha and is anticipated to last until 2018 with full restoration completed
by 2020 (WBB Minerals Ltd, 2008). Due to the phased extraction of sand, the site
has been progressively restored. The borehole used as a control is located to the SE
of the quarry. Slopes have already been restored in this area and it is anticipated
that any exchange between ground gas and the atmosphere via working faces ~ 10

m distant should be effectively sealed by boulder clay used in restoration.

Figure 3.15: Aerial Photograph Showing the Location of the Control Site within Cheshire, UK

Figures 3.15 and 3.16 show the site within the context of the surrounding land-
scape which includes pastoral and arable fields. The site is also in close proximity to
an urban area (3.7 km from centre). The entrance to the site is located at 53.157035
°N, -2.258843 °E or Ordnance Survey grid reference SJ 827 622.
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Figure 3.16: Ordnance Survey Map Showing Location of Control Site and Location of Control Borehole (from
Ordnance Survey (2015b))

3.5.2 Geology and Hydrogeology

The Control Site has a similar geology to Site 1 (Figure 3.5). 0.5 m of topsoil is
underlain by 3.8 m of Upper Boulder Clay which in turn is underlain by approxi-
mately 26 m of Middle Sands. The deeper geology consists of a thicker layer of Lower
Boulder Clay (> 10 m) capping the Permo-Triassic bedrock. Slightly differing from
Site 1, the Permo-Triassic bedrock is a part of the Sidmouth Mudstone Formation
and dates from the Early—Late Triassic Epoch (British Geological Survey, 2015).
Like Site 1, the Permo-Triassic bedrock is classed by the Environment Agency as a
Secondary B aquifer while the superficial deposits are classified as a Secondary A
aquifer (Environment Agency, 2010a). Although a major aquifer, the site is grouped
in the Low Risk Groundwater Vulnerability Zone by the Environment Agency.
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Review of Historic GGas

Monitoring Data

4.1 Data Compilation

The data used in this study have been derived from peripheral monitoring of landfill
sites and similar artificial environments. The variation of landfill gas composition
within a landfill is not directly considered. Instead, the emphasis is placed on gas
compositions in boreholes designed to monitor possible migration of landfill gas into
the ground that surrounds landfill. At these sites there is a regulatory requirement
for monitoring ground gases both outside and inside the site, providing a substantial
database that extends back many years. For the three sites considered, the data
extends back to 2003, 1998 and 1995 (Sites 1, 2 and 3, respectively). All sites
provide data in excess of ten years and in the case of Site 3, twenty years.
Historically, gas composition has been measured in accordance with regulatory
requirements using hand-held gas monitors, as frequently as daily (Site 2) to as
infrequently as quarterly (Site 1). Measurements were made using a Geotech UK
GA2000 Landfill Gas Analyser until 2012, after which, a Gas Data Ltd GFM435
Landfill Gas Analyser was used. A limitation due to the change of instrumentation
over a period of several years is that data sets may not be directly comparable.
Both gas monitoring instruments employ a dual beam infra-red absorption method
to quantify the concentration of CH,, CO, and O, in a flowing gas. The balance is
assumed to be N,. However, the instruments differ in their measurement of borehole
flow. The GA2000 Landfill Gas Analyser’s pressure transducer is equipped with a
set resistor that minimises flow. It is argued by the manufacturer that this will more
closely reflect true borehole conditions as the act of opening a borehole valve will

disrupt equilibrium conditions. Conversely, the GFM435 Landfill Gas Analyser’s

73
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pressure transducer does not carry this specification.
Key limitations arising from a point measurement strategy as adopted here are

summarised as follows:

e Data are discontinuous and thus identifying diurnal, seasonal and annual
trends is difficult.

e [t is difficult to determine how gases present in a borehole interact with chang-
ing atmospheric conditions (such as atmospheric pressure, wind speed /velocity,
temperature and rainfall)

e It is not possible to determine how underground conditions (such as depth
of water table, temperature and microbial activity) affect the production and
emission of CH, and CO, gases.

e [t is important to know whether or not a borehole is venting to the atmo-
sphere or absorbing atmospheric gases. The action of opening a borehole
valve to the atmosphere induces a pressure gradient and disturbs equilibrium
conditions. Therefore, any data capture by hand-held portable gas monitors

may be skewed.

4.2 Data Representation and Interpretation

The graphical approach used in this chapter presents compositional data compared
in terms of the measured CH,, CO, and O, content normalised to nitrogen (assuming
N, to be the balance, i.e. 100 - (¥ CH, + CO, + O,)), in a ternary plot. This
allows the relative proportions of CH, and CO, to be compared irrespective of any
dilution by air, the O,/N, ratio indicating whether this has occurred and the extent
to which O, has been removed, as N, can be regarded as non-reactive (Bergamaschi
and Harris, 1995). In a plot of this type, ‘end member’ compositions can be identified
so that an array of observed data points can be explained as mixtures of gases from
different sources. Therefore, the characteristics of one borehole may be compared
with another (Teasdale et al., 2014).

4.3 Site 1

4.3.1 Data

Spatial Composition

Figure 4.1 shows the gas composition recorded over a period of eleven years taking
a transect of Boreholes 03/4, 06/14 and 06/17 at Site 1 (Figure 3.4). Borehole 03/4
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Figure 4.1: Gas Compositions for Monitoring Wells, Site 1 (29/01/2004 — 08/05/2015), Indicating (Figure 4.1a)
Expected Plotting Positions of Landfill Gas and Air

located on the southern boundary of the landfill produced a CH,-rich gas signature
(70:30 CH,/CO,) which is attributed to landfill gas (typically 60:40 CH,/CO,).
This is due to its close proximity to the edge of the landfill. The higher proportion
of CH, to CO, (80:20) may be accounted by scrubbing of CO, from the system (i.e.
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dissolution in groundwater). Additionally, wastes containing fats (triglycerides),
typically produce a landfill gas in the ratio of 70:30 CH,:CO,.

Twelve years after closure, Borehole 03/4 still produces this composition of gas
which provides evidence that there is enough substrate for methanogenic bacteria to
produce CH, and CO,. This also indicates that the gas is able to migrate through
the unconsolidated Quaternary deposits due to the absence of an engineered landfill
liner. Values recorded at 100% O, /N, correspond to air. This occurs when air
has entered the borehole from the atmosphere, thereby diluting or displacing the
landfill gas. There is some evidence of mixing between landfill gas and air at this
location, but this was observed on few occasions (points between the two end member
compositions).

Borehole 06/14, located approximately 25 metres south of the landfill perimeter
shows a more diffuse scatter of data. While there is still a strong indication of the
presence of landfill gas, the proportion of CH, is lower (Figure 4.1b), suggesting
the possibility of mixing with a more O,-rich gas, or removal of CH, by biological
processes. However, Boreholes 06/15 and 06/16 (Appendix B, Figures E.5 and E.6)
also located approximately 25 m away from the landfill southern boundary show no
presence of landfill gas. As indicated previously, these boreholes have response zones
in the underlying unconsolidated sands; it is therefore expected that these boreholes
should also show evidence of landfill gas presence. This could be attributed to
preferential pathways in the subsurface such as fissures or uncharted fractures and
faults. Local variations in the water table that drives the migration of gas could

also be a factor.

Borehole 06/17, located more than 100 m away from the landfill and closest to
nearby housing, records no landfill gas (Figure 4.1c). Likewise, Borehole 06/18 also
located approximately 100 m south of the landfill records no landfill gas (Appendix
B, Figure E.7). The 100% O, /N, value indicates that only air is ever present in these
boreholes. As these two boreholes have consistently shown the same gas concentra-
tion relationships throughout nine years, it is reasonable to conclude that CH, and
CO, do not migrate over 100 m through the unconsolidated Quaternary deposits at
Site 1. Therefore, CH, and CO, encroachment into residential properties is not an

imminent danger.

Boreholes 03/7 and 06/19 (Appendix B, Figures E.3 and E.8) located less than 2
m apart on the northern boundary of the site show very different gas compositions.
Borehole 03/7 shows a landfill gas/air mix while Borehole 06/19 shows a CO,-air
mix. It is postulated that because the older Borehole, 03/7, was engineered to a

lower standard, a gas-tight seal was not achieved and the landfill gas has leaked into
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this borehole via the made ground that covers the north of the site. The data from

these boreholes is consequently not discussed.

Flow

As was set out in the introductory commentary of this Chapter, accurately quanti-
fying borehole flow (1/hr) is inherently difficult as opening a borehole valve induces
a pressure gradient that alters the equilibrium conditions of the ground. However,
it is possible, as a bare minimum, to categorise the borehole flow measured by
hand-held portable gas monitors as positive or negative. Positive borehole flow may
be described as the flow that is induced when borehole pressure is greater than
atmospheric pressure. Conversely, negative borehole flow conditions result from at-
mospheric pressure that is greater than borehole pressure. When these conditions
prevail, the net movement of gases will be from atmosphere to borehole (ground).
Positive borehole flow is of utmost importance as when this condition exists, there
will be a net movement of gases from borehole (ground) to atmosphere. If these
conditions exist, it is also likely that due to the pressure gradient, gases may mi-
grate within the sub-surface. Figure 4.2 categorises samples according to positive
or negative borehole flow for Boreholes 03/4, 06/14 and 06/17.

Figure 4.2a and Figure 4.2b clearly show that in the majority of cases of landfill
gas, positive borehole flow conditions exist. Therefore, when these samples were
taken, CH, and CO, were being emitted to the atmosphere in the landfill gas ratio.
Only one sample from Borehole 06/14 indicating a landfill gas ratio was taken under
negative borehole flow conditions.

Statistics in Table 4.1 show positive and negative borehole flow incidence in
relation to gas composition sampled in these boreholes. Gas mixtures (< 50% O,)
were assumed to be landfill gas while ~ 0% CH, and CO, samples were assumed to
be air (no LFG).

In Boreholes 03/4 and 06/14, landfill gas samples were recorded predominantly
during positive borehole flow conditions (80.0% and 63.2% respectively). By com-
parison, the occurrence of landfill gas measured during negative borehole flow con-
ditions was far less (21.6% and 2.8% for Boreholes 03/4 and 06/14 respectively).
When negative borehole conditions exist, it is more likely for no landfill gas to be
present in a borehole and for air to enter from the atmosphere. The high percentages
for no landfill gas measured under negative flow conditions for Boreholes 03/4 and
06/14 (78.4% and 97.2% respectively) strongly indicate this.



78  CHAPTER 4. REVIEW OF HISTORIC GAS MONITORING DATA

CO, I N, (Relative %)

100 o
0,/N, CH, /N,
(Relative %) (Relative %)
®
100
0, /N, 40 50 60 70 80 90 100 CHa/N;
(Relative %) (Relative %)
40 60
50
BHO6/17 50
40
70 30
80 20
90 10
100 0
O,/N, o 10 20 30 40 50 60 70 8 90 100 CHal N,
(Relative %) (Relative %)

@ Positive Borehole Flow
O Negative Borehole Flow

Figure 4.2: Gas Compositions for Monitoring Wells, Site 1 (29/01/2004 — 08/05/2015), Indicating Incidence of

Positive and Negative Borehole Flow

However, with only 91 data points for Borehole 03/4 and 55 data points for
Boreholes 06/14 and 06/17 over an eleven-year and nine-year-period respectively,
the point measurement strategy is not comprehensive enough to draw any firm con-

clusions. There is a strong indication, however, that atmospheric pressure conditions
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play a key role in the emissions of gases from the sub-surface.

Positive Flow Negative Flow
Borehole Identification
% No LFG % LFG % No LFG % LFG

BH 03/4 20.0 80.0 78.4 21.6
BH 06/14 36.8 63.2 97.2 2.8
BH 06/17 100.0 0.0 100.0 0.0

Table 4.1: Percentage of Samples Containing Landfill Gas (LFG) Recorded during Positive and Negative Borehole
Flow at Site 1

Seasonal

Gas mixtures with < 50% O, /N, were classified as LFG, while samples composed of
> 50% O,/N, and ~ 0% CH,/N, and CO, /N, were classified as No LFG. The sea-
sons were defined as Winter, 1% December — 28/29'" February; Spring, 15* March —
315 May; Summer, 15* June — 315 August; Autumn, 15 September — 30" November.

Weakening air pressure over the Atlantic between late September and early
March, accompanied with a westerly jet stream, brings low air pressure weather
systems, known as depressions, across the British Isles. The busiest period of this
winter storm season tends to be between December and February. For example,
the winter of 2013/14 was exceptionally stormy. With at least 12 deep depressions
crossing the UK in rapid succession between 5% December 2013 and 12" February
2014, this was the stormiest period of weather recorded in the UK for 20 years and
the wettest winter since 1914/15 (Lewis et al., 2015). During this period, a deep
Atlantic depression occurred on 23' — 25" December 2013. This storm with a cen-
tral low pressure of 927 mbar, recorded a low pressure in the British Isles of 936.4
mbar at Stornoway, Western Isles (Kendon and McCarthy, 2015).

A rapid decrease in air pressure from stable or average conditions (1013 mbar)
as a result of a low pressure weather system is likely to cause a release in CH, and
CO, from the near-surface ground gas environment. Over the summer months, more
settled weather conditions prevail as stable high pressure (> 1020 mbar) dominates.
All this means that the period between October and March is more likely to yield
emissions of CH, and CO,, from the ground. Therefore, it was hypothesized that the
Autumn and Winter months (i.e. 1 September — 28/29*" February) would present
the greatest occurrence of landfill gas.

The data present a scenario that appears to show that for boreholes where landfill

gas is sometimes present (BH 03/4 and 06/14), two-thirds of data points contain no
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Figure 4.3: Seasonal Gas Compositions for Monitoring Wells, Site 1 (29/01/2004 — 08/05/2015)

landfill gas, irrespective of season that the data were recorded (Figure 4.3). The only
significant deviation from this pattern is the autumn data for BH 03/4 where the
proportions of landfill gas versus no landfill gas are reversed. Landfill gas samples for
this season were represented by 68% of data points. This was in accordance with the

anticipated greater occurrence of emissions of CH, and CO,, resulting from increased
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likelihood of unstable atmospheric conditions. However, there is insufficient evidence
to prove the theory. Further data recorded at high frequency throughout several
years in multiple monitoring wells would be required. Furthermore, high frequency
data would require the recording of multiple variables such as atmospheric pressure,
borehole pressure, ambient temperature, borehole temperature, depth to water table

for the data to be of good enough quality for interpretation.

Borehole Winter Spring Summer Autumn
Identification % No LFG % LFG % No LFG % LFG % No LFG % LFG % No LFG % LFG

BH 03/4 62.5 37.5 65.2 34.8 52.6 47.4 32.0 68.0
BH 06/14 76.9 23.1 85.7 14.3 70.0 30.0 72.2 27.8
BH 06/17 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0

Table 4.2: Percentage of Samples Containing Landfill Gas (LFG) Recorded Seasonally at Site 1

4.3.2 Key Trends and Interpretations

The key trends and interpretations that can be extracted from Site 1 are summarised

as follows:

e In very close proximity to an unlined landfill still in the ‘methanogenic stage’,
gas composition is predominantly ‘landfill gas’ (i.e. 70:30 CH,/CO,).

e Under positive borehole flow conditions, 80% of samples contain landfill gas
in close proximity to the landfill.

e Gas composition constituting landfill gas is observed on fewer occasions at a
distance of 25 m from the landfill.

e No landfill gas is recorded 100 m from the landfill.

e The unconsolidated drift geology in which the landfill is situated, accompanied
with a lack of basal liner due to the landfill’s age, has allowed landfill gas to
migrate at least 25 m to the south. This assumes that no uncharted preferential
pathways exist.

e The point measurement data are too sparse in order to draw any firm conclu-

sions about seasonality of gas measurements.
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4.4 Site 2

4.4.1 Data

Spatial Composition

At Site 2, which overlies Coal Measures, monitoring wells are located around the
landfill perimeter only. Additionally, the collected gases evolved from all three land-
fill cells are flared. The composition of the flared gas is also measured and provides
a useful reference to compare the composition of gases in the perimeter boreholes

on the site.
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Figure 4.4: Site 2 Borehole Gas Compositions (28/02/1997 — 29/06,/2015)

From hand-held monitor generated data, the CH,/N, ratio frequently exceeds
80%, suggesting a geogenic gas influence arising in at least two boreholes (BH 04
and BH 14).

Examining the composition of gas present in BH 04 at Site 2, it is apparent that
it is very different from the flared gas composition (Figure F.16) which shows an
expected landfill gas signature (60:40 CH,:CO,) with few points representing air.
Likewise, when contrasted against BH 03/4, Site 1 (Figure 4.1a) that shows a CH,—
rich landfill gas (70:30 CH,/CO,) mixed with air, it is clear that this CH, has a
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different origin, independent of the landfill waste. The most probable explanation
is that CH, has degassed from an underlying coal seam in the Coal Measures. The
weathered top-surface of the Permo-Triassic bedrock (Barlow, 1996) in conjunction
with a fault running NNW-SSE through the western portion of the site (Jowett and
Martin, 2006) provides many potential conduits for gas migration from the lower

sub-layers.

Furthermore, from the inception of monitoring of this borehole on 13*" August
1998, the high-value percentage of CH, has been present and has persisted through-
out the 17 years of monitoring. Not only are the proportions of gas concentrations
inconsistent with landfill gas, they do not appear to follow the physiology of the pro-
duction of landfill gas. After initial aerobic conditions, anoxic conditions prevail and
methanogenic production of CH, and CO, begins. To begin with CO, concentration
exceeds that of CH,. With the loss of H,, CH, concentration increases and reaches
a terminal value of 60-70% and surpasses CO, as the dominant gas produced in
landfills. Historic investigations have shown that it typically takes between 180 and
250 days for this phase to be achieved (Farquhar and Rovers, 1973). Therefore, it is
unexpected for BH 04 to have achieved a concentration of CH, at least above 50%

before a minimum of six months had elapsed.

The evidence based on gas composition and biogeochemistry of landfill is not
sufficient to prove the origin of the gas in BH 04. Stable isotope analysis and
radiocarbon dating (14C) would aid this point. A geogenic gas would be expected
to be completed depleted in **C owing to the relatively short half-life of 5,730 years
of "C (Muir et al., 2015) and the great age of the Carboniferous rock (298.9-358.9

million years) from which it was exuded.

On inspection, BH 14 (Figure 4.4) presents an array of different gas compositions
compared with BH 04. Air and landfill gas end members are identifiable. However,
there could be a geogenic mixing component as CH, concentration reaches 80% or
greater on multiple occasions. Additionally, there is a CO, component which has
varying degrees of dilution by air (concentrations range from 0-100% CO,). Data

points between these identifiable clusters represent a complex mixing pattern.

Like BH 14, the BH 12 (Figure 4.4) ternary plot also appears to have identifiable
air, air-CO, mixing and landfill gas clusters. Likewise, there may be a geogenic
mixing component. However, landfill gas appears to be the dominant gas present in
this borehole. Boreholes 12 and 14 have the most variable gas compositions observed
for Site 2 with CH, /N, and CO, /N, ratios both approaching 100% (Figure 4.4). This
does not exclude mixing of air and landfill gas at Site 1. As Site 1 was monitored

far more infrequently than Site 2, mixing of CH, and air was observed on fewer
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occasions. Site 2 is very different from Site 1 where gas composition was almost
exclusively air or landfill gas (with some mixing in between). Boreholes at Site 2
demonstrate a more complex pattern. The greater mixing of gases is most likely to
be due to multiple sources of gases and the geological characteristics of the site that
are consistent with a geogenic gas derived from the underlying Coal Measures.

Borehole 07 demonstrates a similar gas composition to BH 06/17 at Site 1. The
gas appears to be predominantly air with a small concentration of diluted CO, (10—
30% v/v range). A similar gas composition is present in boreholes 01, 02, 03, 05,
06, 08, 09, 10, 11, 13, 15, 16, 17, 18 and 19 (Appendix C, Figures F.1-F.15). These
boreholes show a greater mixing of CO,, and in some instances, this is up to 100%
CO,/N,. However, some boreholes appear to show a gradient between landfill gas
and air end-member populations; particularly BH 10 (Appendix C, Figure F.8).
This is likely to be an artefact of the opening and closing of different landfill phases
during the five years of operations. Boreholes 9, 13 and 17 (Appendix C, Figures
F.7, F.10 and F.13) show an incomplete gradient.

Flow

Flow data for Site 2 has not been historically recorded and is not discussed in this

review.

Seasonal

The greater frequency of point measurement recording and greater period of time
encompassed by Site 2 means that it is possible to identify some seasonality in the
data. In particular, BH 14 shows some interesting periodicity (Figure 4.5). The
time intervals selected in Figure 4.5 are arbitrary and are based on the dominant
gas present in BH 14 to illustrate the rapid changes in composition.

From inception until 17*® June 2004, the gas composition was a CO,—air mixture.
The composition changed dramatically for the six month period 24" June 2004 to
19™ January 2005 to be more landfill/geogenic in nature. The time-lag for the
change in composition is only a week. This could coincide with the closure of Phase
3 of the landfill in October 2003. However, the change in composition is not gradual
and is more like an on/off switch. Therefore, the change in composition could be
related to the opening of a preferential pathway that previously did not exist. A
five month period of CO,—air mixing follows between 26 January 2005 and 20"
June 2005. Once again, this is replaced with a period of what appears to be landfill
gas between 29" June 2005 and 24" October 2005. Subsequently, CO,—air mixing
conditions dominate between 315 October 2005 and 8" June 2006. From the first
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occurrence of CH, in this borehole on 24 June 2004, the cycling between CO,—air
and landfill gas composition appears to occur on approximate six month periods that
correspond with summer and winter. It could be that CH, appears in this borehole
in the summer months when groundwater levels are sufficiently low enough to allow it
to accumulate as CH, is highly insoluble in water. Unfortunately, groundwater data

was not provided for Site 2. Therefore, it is not possible to make any conclusions.
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Figure 4.5: Gas Composition for BH 14, Site 2 (02/11/2001 — 29/06/2015)

This periodicity is disrupted between 15 May 2006 and 4" October 2011 when
the gas composition was predominantly landfill in nature. It is possible that there

was some geogenic influence as CH,/N, exceeded 80% while O,/N, and CO,/N,
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approached 0% on many occasions. Between air and landfill gas a diffusion gradient
with many points exists. CO,—-air gas mixture is observed on few occasions during
this five year period.

A pattern similar to prior to 15" May 2006 exists post 4" October 2011 until
the end of the data set on 29" June 2015. However, on the occasions when CH, does
appear in BH 14, the clustering of data points around the landfill gas ratio is less
obvious and there appears to be a much greater variation in the mixing of CH,, CO,
and O,. Furthermore, the seasonality does not appear to be strictly summer /winter
as it did prior to 2006. Variations in groundwater in accordance with exceptionally
dry or wet years could account for this. In the absence of groundwater data, no
firm conclusion can be drawn. It is thought that variation in groundwater depth,
in conjunction with a preferential pathway, is the most likely cause for the changes
in gas composition observed in this monitoring well. The changing nature of the
gas composition during the period 22°¢ July 2014 to 27" April 2015 may reflect a

change or decrease in the available substrate, assuming CH, is solely landfill derived.
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Figure 4.6: Site 2 BH 14 CH, Concentration against Groundwater Depth (06/08/2015-11/01/2016)

Following on from the historic monitoring period, the contractor monitored the
groundwater depth in relation to CH, concentration (Figure 4.6). It does appear to
confirm that over a five month period between August 2015 and January 2016, the
CH, concentration recedes from 64.0% to 0% as the groundwater level rises from
50.11 m AOD to 50.86 m AOD. A groundwater depth change of only 0.75 m is enough
to reduce the CH, concentration to 0% from landfill concentration. This suggests
that a preferential pathway is available to CH, as the groundwater level drops in the
summer months. However, longer-term data over many seasons and years would be

required to confirm the theory. An analysis of these data shows that there is a weak
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to good correlation between groundwater depth and CH, concentration (Figure 4.7).
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Figure 4.7: Site 2 BH 14 CH, Concentration against Groundwater Depth

By comparison, BH 12 shows a progression in gas composition that closely re-
lates to the work of Farquhar and Rovers (1973) (Figure 4.8 and Appendix Figure
F.18). From inception in 1998 until Spring 2002, the gas composition recorded the
majority of the time was air with CO, mixed (up to 80%). On multiple occasions
a mixture of CH,, CO, and O, is observed. The composition of this tri-gas mix-
ture is extremely variable and random. However, from Spring 2002 onwards, the
gas composition present in this borehole is refined to the classic landfill gas ratio
(60:40-70:30 CH,/CO,). On increasingly fewer occasions during the period 2002
2006 only air is observed. The mixing of air with CO, is also reduced during this
four year period.

From 2007-2009, only landfill gas is observed in BH 12. The CH, component
in this gas increases to the point that the ratio of CH,:CO, exceeds 90:10. It
is possible that this is the influence of an external geogenic source as has been
previously discussed. Certainly, it is irregular for landfill gas.

This trend continued into the period 2010-2012. This period also saw the rein-
troduction of O, into the gas mixture and the air/CO, gas mixture is observed.
Likewise, the period 2013-2015 is similar but with more air/CO, gas mixture obser-
vations than the previous three years. As for the latter years of BH 14, this could be
evidence for the changing nature or reduction in the available substrate contained
in the landfill for the production of CH,. Unlike BH 14, BH 12 appears to show no
seasonality in the data and closely mimics the graph of gas production versus time
proposed by Farquhar and Rovers (1973).

Borehole 10 gas composition also indicates changing composition over time. Like
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Figure 4.8: Gas Composition for BH 12, Site 2 (13/08/1998 — 29/06/2015)

BHs 12 and 14 landfill gas, air and air/CO, gases can be identified. Unlike BH 12,
the mixing of CH, and CO, does not exceed the ratio 50:50. Like BH 14, BH 10
also exhibits some periodicity in the data. The landfill gas ratio is first achieved in
2000, around eighteen months after Phase 1B of the landfill was completed. The
data for the first three years (1998-2000) show a gradient from air towards landfill
gas (Figure 4.9).
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Figure 4.9: Gas Composition for BH 10, Site 2 (13/08/1998 — 29/06/2015)
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The gradient identified between 1998 and 2000 is repeated again 2001-2003,
2004-2006 and to a lesser extent 2007-2009. After 2010 only air is present with
mixing of CO, up to 80%. These fluctuations could be attributed to seasonal fluxes
in groundwater. However, in the absence of groundwater data it is not possible to
say for certain. Unlike BH 14, it appears more likely that the occurrence of landfill
gas is an artefact of the closure of different phases of landfill. Once capped, routes of
migration are cut off. This is more consistent with the data shown here, particularly

after 2010 when no landfill gas has been recorded.

4.4.2 Key Trends and Interpretations

The key trends and interpretations resulting from Site 2 are outlined as follows:

e Air, landfill gas, and air/CO, mixing can be identified in multiple boreholes
at Site 2.

e The proportions of CH,, CO, and O, in BH 04 are not consistent with landfill
gas and may relate to a gas of geogenic origin via the fault underlying the site
and the weathered top surface of the bedrock.

e Boreholes 12 and 14 contain air and landfill gas. The ratio 70:30 CH,/CO, is
exceeded in both boreholes and in some instances is as great as 90:10 CH, /CO,,.
It is possible that there is a geogenic mixing component in these boreholes.

e Although much can be interpreted from compositional data, stable isotope
analysis coupled with radiocarbon dating may differentiate gas origin and cor-
roborate the compositional data plotted in the ternary diagrams.

e Boreholes 10 and 14 show longer term periodicity in the data. In the case of
BH 10 it is more likely that this is attributed to the closing of landfill cells
while BH 14 may be seasonal. However, there are insufficient data to prove
this. In the absence of groundwater data, analysis of weather data may be
used to investigate this further.

e The acquisition of high frequency data over a long period of time may resolve

seasonal trends.
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4.5 Site 3

4.5.1 Data

At Site 3, there are two series of boreholes, ‘GM’” and ‘NG’. The GM Series begins
in 1995 and captures gas from the first area of the landfill to be filled (Area A)
while the NG Series begins in 2003 and captures gas from Area B of Site 3. Area
B is younger and engineered to a higher standard than Area A. Multiple response
zones that are sealed from each other are monitored in the GM Series boreholes
and the data from these boreholes form the analysis of this section. Data from the
NG Boreholes are given in Appendix D, Figure G.14. No CH, is present in any of
these boreholes. Only air with small concentrations of CO, is present. Typical CO,

values range 0.1-20% with some observations up to 60%.

Spatial

Advantageously, the GM Series boreholes at Site 3 are split into air-tight, multiple
response zones. Unlike Site 1 and Site 2, it is possible to obtain a profile of gas
composition within the unsaturated zone. Furthermore, the data set begins in 1995,
and thus, a comprehensive historic data set of 20 years exists. The only slight
disadvantage is that the geology is different from Sites 1 and 2, and the Control
Site. However, the chalk is permeable and porous, meaning its properties are not
too dissimilar from the Middle Sands that dominate Site 1 and the Control Site,
and to a lesser extent, Site 2.

Of particular interest are boreholes GM 5 (located NW corner of Site 3) and
GM 14 (located SW corner of Site 3) (Figure 4.10). These boreholes show a clear
progression from 100% CO, to air (100% O,/N,) from the bottom to the top of the
boreholes. There are several explanations as to why this trend has been observed.

First of all, it could be as simple that this is an observation of stratification of
the gas column. CO, is heavier than CH, and air. Therefore, it could be possible
that if gases separate, CO, concentrates at depth by virtue of its higher relative
atomic mass. Other boreholes that show a varying ratio of CO,/N, to O,/N, are
GM 1, 2, 3, 15 and 16 (Appendix D, Figures G.1, G.2, G.3, G.9 and G.10). Unlike
GM 5 and 14, these boreholes do not show a clear progression between end members
with decreasing depth in the ternary diagrams. Therefore, other scenarios are more
likely.

As stratification is an unlikely conclusion to be drawn from the data, diffusive
and/or advective flow are considered as flow mechanisms. Point measurement data

such as the data presented here are not substantial enough to confirm whether
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Borehole GM 5

CO, /N,
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0
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Figure 4.10: Gas Composition for BH GM 5 & 14, Site 3 (21/02/1995 — 18/05/2015)

diffusive, advective (or a combination of both) is the correct mechanism of flow.
The data certainly suggests that there are mechanisms at play that warrant further

investigation by mathematical modelling and laboratory-designed experiments.

Like boreholes GM 5 and 14, borehole GM 10, located on the western boundary
(Figure 4.11), also shows a difference in gas composition in accordance to depth.
At depth, landfill gas is the predominant gas. With decreasing depth, a gradient
towards air forms (S4 and S5). However, S2 shows a more complicated mixing of
gases with values approaching 100% CO,/N, ratio. There is clear mixing between
100% O, /N, and CO, /N, as well as between 100% CO,/N, and CH, /N, that is not
present in any other response zone. It appears to be anomalous to the trend as S1
clearly shows that predominant gas is air with varying dilution of CO, (multiple data
points approach 50% CO,/N, with 50-90% CO,/N, observed on fewer occasions).
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Adjacent to borehole GM 10 on the western boundary of the site, borehole GM
20 also shows a similar progression from landfill gas at depth to air in the shallow
layers of the ground. Unlike GM 10, the composition of landfill gas present in GM
20 tends to show a mixing with CO, so that the ratio of CO,/CH, exceeds 50:50 and
on occasion 100% CO,/N, is achieved. The S2 response zone, which is the second

shallowest, shows a large and complex mixing of all three gases that appears to be

random.
S1 S4
CO, /N, (Relative %)
0
90
10
100
0
02/N2 0 10 20 30 40 50 60 70 80 90 100 CH./N 0O 10 20 30 40 50 60 70 80 90 100
4 2

7 0,
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100

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

100 100

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

Figure 4.11: Gas Composition for BH GM 10, Site 3 (29/10/1998 — 18/05/2015)
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Figure 4.12: Gas Composition for BH GM 20, Site 3 (12/11/1998 — 18/05/2015)

Flow

Flow data for Site 3 have not been historically recorded and are not discussed in
this review.

Seasonal

The apparent randomness in the observed data suggests that seasonal trends are
not dominant. The limitations of point measurement data shown for Site 1 and Site

2, also apply to Site 3. Seasonal data are not discussed in this review.
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4.5.2 Key Trends and Interpretations

The key trends and interpretations that can be extracted from Site 3 are outlined

as follows:

e Like Sites 1 and 2, populations in the gas composition can be identified as air
and landfill gas as well as CO, diluted in air with varying mixtures in between.

e There is not enough detail in the data to know what ground conditions and
atmospheric conditions (if any) caused evolution of landfill gas.

e In Area A of this landfill, the grade of engineering (operations opened 1983)
is such that landfill gas is monitored in perimeter boreholes.

e Without boreholes located further away from the landfill it is unknown how
far gas has migrated, although the road that bounds the west of the site may
act as barrier.

e Area B (operations commenced 2003) is engineered to a much higher standard.
Boreholes located on the landfill perimeter in this area (NG boreholes) show
absence of landfill gas. Containment of gas on site has been successful.

e GM boreholes with multiple, air-tight response zones show changing compo-
sition in gas with depth. There is some evidence of CO, dilution in air with
greatest concentration of CO, at depth, gradually moving towards air compo-
sition nearer to the surface in boreholes GM 5 and 14.

e The data are insufficiently detailed to make conclusions about the mecha-
nisms that have caused these patterns to be observed. Mechanisms postulated
include stratification of gas column, diffusive flow and advective flow. It is
thought that controlled laboratory experiments could examine gas migration

processes.

4.6 Initial Conceptual Model Design

The conclusions drawn from the compositional data from the three research sites
can be demonstrated in an initial conceptual model design (Figure 4.13). The basic
design of the conceptual model outlines the principal migratory routes that the
compositional data showed. No assumptions about mechanistic movement have been
made as the compositional data do not include that level of detail. No H,S, CO
or VOCs were recorded during the historic monitoring and were therefore excluded
from the conceptual model. However, it is acknowledged that from time to time,
these gases may be present in particulate amounts.

Some assumptions about underlying geology and associated abandoned mine
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workings have been included to account for the data from Site 2 which showed a
CH,-rich source in BH 04. Therefore, the initial design includes coal seams in the
Carboniferous geology and an abandoned, dewatered mine void. However, as the
data presented here are solely from perimeter monitoring of landfill sites, further
evidence to substantiate gas source would be required.

Evidence from Site 1 suggests that in unconsolidated Quaternary Deposits such
as Middle Sands, CH, and CO, are able to traverse short distances. Certainly, CH,
and CO, are recorded 25 m distant from landfill, but not 100 m. It is unknown if
preferential pathways exist. However, the Middle Sands are considered to be largely
homogeneous. Gases escape to the atmosphere through the top soil via cracks in
the surface such as those created by plant roots. If CH, accumulates in a high
concentration, necrosis of vegetation will occur as was observed in the lead up to
the Loscoe Explosion in 1986. If the consolidated material is capped by a layer of
Boulder Clay, flow of gases will be impeded and forced to migrate around the clay

owing to its impermeable properties.

Vegetation

Urban Area

Landfill

Biogenic
Gas
Services

Unsaturated Zone
Saturated Zone

Course

Permo-Triassic Rock

Carboniferous Rock

Geogenic Gas

"
e

Figure 4.13: Initial Conceptual Model Design

Further evidence from Site 1 indicates that atmospheric pressure could be a
control on the release of CH, and CO, gases from ground to atmosphere. Likewise,
the high solubility of CO, in water has to be considered. Seasonal changes in
groundwater surface are anticipated and are considered to be an effective method of
‘scrubbing’ CO,, from the system by dissolution. This process is reversible and so a
dynamic equilibrium exists between landfill input and groundwater exchange in the

unsaturated zone.
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Faults, fractures and fissures may act as conduits of gas transport in the sub-
surface. Multiple perimeter monitoring wells at Site 2 showed a gas mixing compo-
nent that suggested a geogenic origin (BHs 04, 12 and 14). In these boreholes the
ratio of CH,:CO, exceeded 90:10. The complex geology of Site 2 that included a
fault underlying the landfill was thought to act as a major gas transport channel.
Quantification of the SiO, content of the sand showed a non-linear change across
geologic boundaries (as shown in Figure 3.9). The inference was that the top-surface
of the bedrock was heavily weathered, also permitting the transport of gases between
strata. Additionally, layers of permeable and porous strata act as ‘conductors’ of
CH, and CO,.

Although the key routes of gas migration have been outlined in this initial con-

ceptual model, it does produce further research questions. These questions are:

e What are the controlling atmospheric and ground conditions that result in the
release of CH, and CO, from the ground to the atmosphere;

e What mechanism(s) drive gas transport in the sub-surface, and;

e Is there a robust approach to quantifying and differentiating the source of CH,

and CO, in the sub-surface.

The following chapters aim to answer these questions and move towards adding to
the depth knowledge in these areas. Refinements will be made to the conceptual

model design as data adds to the knowledge and the robustness of the model.



Chapter 5

High Temporal Frequency Data

5.1 Data Compilation

5.1.1 GasClam

GasClam®, developed by IonScience Ltd and distributed through ShawCity Ltd,
is a high-frequency, continuous, fully automated ground gas monitor. It is capa-
ble of a maximum sample rate frequency of every three minutes. Like traditional
hand-held monitors, it measures CH,, CO,, O, as well as H,S and Volatile Organic
Compounds (VOCs). Additionally, it is capable of measuring ambient temperature,
ambient pressure, borehole pressure, pressure difference and water depth. However,
the model used for this research was not equipped with the water depth gauge.
Importantly, the GasClam has been used to monitor ground gas concentrations by
Cuadrilla Resources Ltd during Shale Gas exploration in Lancashire, UK during the
time-frame of this research (Wadey-Leblond, 2012).

5.1.2 Monitoring Schedule and Specification

The GasClam was deployed at Site 1 between 18" February 2013 and 25 November
2013, and at Site 2 between 8" July 2014 and 5" January 2015. During data capture,
the GasClam was set to take a sample of all parameters every thirty minutes. As has
been previously discussed, a major problem with point measurement instruments
is the disruption of ground conditions within a monitoring well. Therefore, the
GasClam was set to vent closed mode, as per manufacturer guidelines. Spent samples
were purged into the borehole. A second GasClam supplied by IonScience carrying
the 0-5% CH, and CO, infrared channels was used at the Control Site between 3™
February and 17*" February 2014. A complete monitoring schedule is provided in
Table 5.1.

97



98 CHAPTER 5. HIGH TEMPORAL FREQUENCY DATA

GasClam s/n Site 1 Site 2 Control Site
000237/05/12 BH 03/4 BH 04 BH 96G
18/02/2013-25,/02/2013 08/07/2014-18,/09/2014 19/12/2013-02/01,/2014
12/04/2013-19/04/2013 BH 08
22/07/2013-25/07/2013 18/09/2014-02/10,/2014
29/07/2013-25/11/2013 BH 12
BH 03/6 13/10/2014-09/11/2014
19/07/2013-22/07/2013 BH 14
25/07/2013-29/07/2013 10/11/2014-05/01/2015
000049/09/09 BH 03/4
19/07/2013-22/07/2013
25/07/2013-29/07/2013
BH 03/6
22/07/2013-25/07/2013
29/07/2013-01/08/2013
000041/12/09 03/02/2014-17/02/2014

Table 5.1: Gas Monitoring Schedule (18/02/2013 — 05/01/2015)

5.1.3 Scope

Despite the advantage of high temporal frequency data over point measurement
data, there are limitations within the scope of this research. Only one GasClam was
used due to financial constraint. Ideally, every perimeter monitoring well on a given
site would need to be fitted with a GasClam (or equivalent) instrument in order for
data sets to be directly comparable. In the industrial sector, this would constitute a
large financial investment. Consequently, the scope of this chapter is to demonstrate
the GasClam’s capabilities, to analyse high temporal frequency data, to resolve the
relationship between gas emissions and atmospheric conditions, and to contextualise
this with the historic monitoring data. Average pressure changes were calculated
by subtracting minimum pressure (mbar) from maximum pressure (mbar) divided
by time (hr). Boreholes that were consistently dry or showed little annual variation
in groundwater depth were selected to eliminate the effect of hydrometric pumping
on the data.

5.2 Preliminary Data

5.2.1 Site 1 BH 03/4

Initial readings were made at Site 1, BH 03/4, between 18 February and 25%
February 2013, and 12" April and 19*" April 2013. This particular borehole was

selected as the primary research borehole as it has been historically dry. Therefore,
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there is no contribution to gas emissions from hydrometric pumping. Initial results
from the GasClam are shown in Figure 5.1.

During the period 12" April to 19™ April 2013 there were three emission events
of CH, and CO,. Concurrently, O, dropped to 0% from atmospheric concentration
(20.9%). On 13" April, the atmospheric pressure dropped 4 mbar in 4 hours 15
minutes (0.94 mbar/hr) and this was enough to induce an emission of CH, and
CO,. This emission event lasted a period of 24 hours as the air pressure stabilised
at 1005 mbar for 20 hours. At its peak, CH, concentration was 35.5% while CO,
concentration was 2.3% on 14" April. Of note, the decrease in concentration of O,

mirrored the increase in CH, concentration.
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Figure 5.1: Preliminary GasClam Data BH 03/4 (12/04/2013 — 19/04/2013)
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There is a secondary peak in CH, at 32.3% which could also relate to interference
in the signal or a purging problem. The secondary CH, peak corresponds to a
simultaneous decrease in CO, concentration. This may indicate reduction of CO,
to CH,. Alternatively, it could be a result of the lower buoyancy of CO,. As the
atmospheric pressure increases, CO, is removed from the borehole ahead of CH,
which may account for the secondary spike on 18" April 2013.

Further emission events occurred on 16" April and 17-18" April. Both events
were induced by a decline in atmospheric pressure. The event beginning 16" April
occurred in response to a 7 mbar drop in atmospheric pressure over a 9 hour pe-
riod (0.78 mbar/hr) and produced a peak CH, concentration of 52.5% and CO,
concentration 4.5%. The third event beginning 17 April was a result of a drop
in atmospheric pressure by 16 mbar over a 19 hour period (average 0.84 mbar/hr).
This emission event also peaked at 52.5% CH, and 9.1% CO, while O, concurrently
fell to 0% from 20.9%.

Atmospheric pressure conditions are critical to the behaviour of BH 03/4, Site 1.
As the atmospheric pressure drops, the internal pressure of the borehole increases.
That is, a pressure gradient is induced that causes the movement of gases from the
borehole to the atmosphere. During the first emission event, the pressure differ-
ence increased from -7 to 0 mbar, during the second there was an increase from -5
to 4 mbar, and during the third there was an increase from -5 to 8 mbar. Corre-
spondingly, the greatest change in internal borehole pressure was resultant from the
largest negative atmospheric pressure gradient. This appears to confirm the close
relationship between ground conditions and atmospheric conditions.

However, there are observable problems with the high temporal frequency data
generated by the GasClam. During the first emission event of 13-14*"" April, there is
a clear splitting of the CH, peak. This does correspond to a proportional displace-
ment of O,. It would be anticipated that O, would drop to 0% with no mixing of
CH, and CO,.

Furthermore, the second emission event results in flat or ‘clipped’ peaks of CH,
(52.5%) and CO, (4.5%). Similarly, a ‘clipping’ effect takes place during the third
emission event. Initially these concentrations are the same magnitude as the previous
event. However, there is an offsetting effect as CO, increases to 9.1% while CH,
decreases to 24.9%. This could be a result of interference in the CH, channel from
other small-chain alkanes such as ethane (C,Hg) and propane (C3Hg). There is a
secondary peak in CH, at 32.3% which could also relate to interference in the signal

or a purging problem.
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At the start of the monitoring period commencing 19* July 2013, a second
GasClam (serial number 000049/09/09) was hired from ShawCity Ltd to verify the
results from GasClam 000237/05/12.

The results from Gas Clam 000049/09/09 are very different in nature from Gas-
Clam 000237/05/12. Where split peaks were previously observed due to an assumed
purging issue, asymmetric peaks are observed. Furthermore, the data recorded in
July 2013 (preceded by two weeks of stable and high atmospheric pressure), indi-
cates that for BH 03/4, Site 1, a very unstable regime exists. Changes in pressure
difference of no more than 1 mbar appear to be enough to induce gas emission.

There are interesting comparisons to be made with GasClam 000237/05/12 data.
Peak CH, concentration was 49.7% and peak CO, concentration was 5.9%. The CH,
peak was similar in magnitude to GasClam 000237/05/12 that recorded peak CH,
52.5% (2.8% difference). The peak concentration of CO, was lower by 3.2% v/v. Al-
though the CO, peak appears to be clipped, there is no clipping at different concen-
trations without displacement of O, (unlike the data from GasClam 000237/05/12)
which suggests that the data are more reliable. Also, there is no ‘noise’ produced in
the O, channel, unlike the data output from GasClam 000237/05/12.

A particular point of interest is the sustained CH, and CO, emission over the
three day period between 26" July 2013 and 28" July 2013. The data imply that
the slow fall in atmospheric pressure (1009-999 mbar) over three days is sufficient
to sustain gas emission. Over this period, the pressure difference increased from —1
mbar to 3 mbar. This could indicate the high sensitivity of the system to small

changes in atmospheric pressure.

5.2.2 Site 1 BH 03/6

Both GasClam 000237/05/12 and 000049/09/09 were trialled in BH 03/6 at Site
1. The data outputs from both GasClams showed a very different scenario from
BH 03/4. Changes in gas composition appear to be independent from changes in
atmospheric pressure. Examining the pressure difference data it becomes clear as
to why this has occurred. The range in recorded pressure difference is from —1 to
1 mbar. These subtle changes in the pressure difference appear to be external of
atmospheric pressure changes.

Assuming nil influence from hydrometric pumping (fluctuations in groundwater
depth), the changes in gas composition could be attributed to a borehole leak. That
is, an air tight seal has not been achieved (with bentonite) leading to intrusion of air
at random intervals. The effect of air mixing with the landfill gases is to dilute CH,
(peak concentration 0.9% and 1.9% recorded by GasClam 000237/05/12 (Figure
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Figure 5.2: GasClam 000049/09/09 Data for BH 03/4 (25/07/2013 — 29/07/2013)

5.3a and Figure 5.3b) and GasClam 000049/09/09 (Figure 5.3c and Figure 5.3d)
respectively). In contrast the CO, concentration peaks at similar concentration to
BH 03/4 (12.4% and 10.6% GasClam 000237/05/12 and GasClam 000049/09/09
respectively). This could be owing to the heavier relative mass of CO, compared
with air and CH,. If a leak does exist, it is more likely that any CH, present will
quickly diffuse into the atmosphere.

Further evidence to suggest a defective seal in the installation comes from the
historic gas monitoring data. Historically, during periods of rapidly decreasing at-
mospheric pressure, BH 03/4 has registered high gas flow rates whereas BH 03/6
has recorded nil or negative gas flow rates. For example on 24" January 2007, BH
03/4 recorded a gas flow rate of 19.11 1/hr whereas BH 03/6 only recorded a flow
rate of 0.2 1/hr. Likewise, a similar scenario was recorded on 29 August 2012 when
BH 03/4 flow rate was 28.6 1/hr and BH 03/6 flow rate was below the detection
limit of the instrument (< 0.1 1/hr).
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The data from both GasClams appears to corroborate this theory. In particular,
the lack of change in borehole pressure relative to changes in atmospheric pres-
sure is indicative that the borehole installation has a malfunctioning seal. Another
explanation could be that owing to preferential pathways, BH 03/6 has a smaller
reservoir of gas available to it. Therefore, it was decided to discount further data
capture from BH 03/6.
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5.3 Site 1

5.3.1 Temporal Changes and Effect of Barometric Pressure

Figure 5.4 shows the period 29" October 2013 to 12*® November 2013 captured by

GasClam

A

000237/05/12 in BH 03/4.

Gas Concentration (% v/v) and Atmospheric Pressure (mbar) against Time
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Figure 5.4: Site 1 BH 03/4 High Temporal Frequency Gas Data (29/10/2013 — 12/11/2013)

There were three prominent successive rises and falls in atmospheric pressure
that occurred on 2°¢, 3" and 5™ November 2013. The falls had average gradients
of 1.55 mbar/hr, 0.71 mbar/hr and 0.81 mbar/hr with peak low pressure intensities

of 985 mbar, 988 mbar and 988 mbar respectively. With each fall, corresponding
peak concentrations of CH, (up to 40.1%) and CO, (up to 7.9%) were observed,
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the balance was assumed to be N,. As CH, and CO, appeared in the borehole, O,
concentration decreased to 0% from atmospheric concentration (~ 20%).

For the observed borehole, the change in gas composition is very sensitive to
changes in atmospheric pressure. A pressure drop of little more than 3 mbar over
a 2-4 hr period can induce CH, and CO, to emanate into the borehole from the
surrounding ground. The concentrations of CH, and CO, were lower than the
expected composition of landfill gas, but were not corrected for dilution by air and
N,.

Additionally, when the time series data are plotted against pressure difference
(the pressure difference between atmosphere and borehole) (Figure 5.4b), it is clear
that under positive pressure conditions (i.e. the borehole was ‘blowing’), CH, and
CO, concentrations were elevated within the borehole. Conversely, when negative
pressure conditions existed, O, only (i.e. air) was measured in BH 03/4.

Peak pressure difference was recorded at 11 mbar, 5 mbar and 5 mbar on 2",
3'% and 5™ November 2013, respectively. Not only was there a time lag between
peak pressure difference and peak CH, concentration in the borehole, but the peak
concentration appeared to be proportional to peak pressure difference. Further
emission events on 6%, 8" and 11** November 2013 yielded peak CH, concentrations
of 32.3%, 29.0% and 6.0% respectively while peak pressure difference was 2 mbar,
1 mbar and 0 mbar, respectively for the three events. An anomaly to this pattern
occurred on 9" November 2013 when peak CH, was recorded at 35.3% against a
peak pressure difference of 1 mbar. A more substantial data set encompassing all
seasons would be required to assess this. A summary of emission events between
29*" October and 12" November 2013 is recorded in Table 5.2.

Event Peak CH, Peak CO, Average Gradient Peak Pressure Difference
Date (%) (%) (mbar/hr) (mbar)
02/11/2013 35.9 7.9 —1.55 11

03/11/2013 40.1 7.9 -0.71 5

05/11/2013 40.1 7.9 —0.81 5

06/11/2013 32.3 7.3 —0.72 2

08/11/2013 29.0 7.9 —0.26 1

09/11/2013 35.3 8.5 —0.25 1

11/11/2013 6.0 1.1 —-0.71 0

Table 5.2: BH 03/4 Gas Emission Events (29/10/2013 — 12/11/2013)

The data indicate high temporal variability. The periodicity of the cycling of
gases can be as short as a few hours to as long as a few days. For the two week

period presented in Figure 5.4 for BH 03/4, only air (O, + N,) was present for 70%
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of the monitoring period. Thus, there is a high probability that if the borehole had
been monitored using a hand held gas monitor (point measurement), an emission
event would not have been recorded. To be certain of the ground gas regime for a
site where CH, and CO, are likely to pose a hazard, a high temporal resolution data
set may be required. Furthermore, a longer statutory monitoring period could be

necessary to identify any longer-term seasonal variations in the ground gas regime.

A  Gas Concentration (% v/v) and Atmospheric Pressure (mbar) against Time
60 — . . . . . . . . . . . 1040
50 =
H g
= 1020
& 40+ L—" =
c 5
S @
g 30 — CH, g
2 co, 41000 &
o 20 o L
s : 2
<
O U —— Atm Press =3
g 10F 4os0 8
) £
0 <
T e S S S o 5 S S s e e
o o o o o o o o o o o o
004_00 06_90 00,96 QQA-QQ 00_90 QQA'OQ 0690 06_90 00,90 004'00 06_90 Q
@ o S a8 g o g P 0P 09 o8 o
'7«\0% \Q?) Qb‘\o% (9\0% 6\0% 1\0% 0%\0% 9\0% 0\()% \0% \?/\0"(’) \2)\0%
Date and Time
B Gas Concentration (% v/v) and Pressure Difference (mbar) against Time
60 — . . . . . . . . . . . 15
—— CH,
50
CO. 4 10 o~
g o g
S 40 : £
- Press Diff 15 ©
S o
= 30| , &
£ 10 £
: | 2
3 U 4-5 ;
q 10 8
° {10 ©
0 ® ® ® ® ® ® ® ® ® o o °r
o o N o N o N N N o o o
00‘90 0690 00‘90 00‘90 00‘90 0‘90 00,90 0,90 QQ._QQ QQ‘-QQ QQ‘-QQ QQ‘-QQ

Date and Time

Figure 5.5: Site 1 BH 03/4 High Temporal Frequency Gas Data (01/08/2013 — 13/08/2013)

By comparison, the two week period commencing 15 August 2013 is shown in
Figure 5.5. Typical conditions of the summer months, high (> 1010 mbar) and

stable atmospheric pressure, prevailed during this period. Yet, there were five clear
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emission events of CH, and CO, gases from BH 03/4. These events occurred, 1% —
3'4 August, 4™ — 5™ August, 7" August, 8% — 9" August, and 10" — 12 August
2013.

Examination of the atmospheric pressure data indicates that small dips in pres-
sure were enough to induce these gas emission events. As with the November 2013
(Figure 5.4) data, as CH, and CO, appear in the borehole, O, concentration dips
from atmospheric (20.9%) to 0%. The transition period for CH, and CO, to displace
O, usually took place over a matter of hours (~ 4 hr). Unlike the November 2013
data, peak CH, concentration was recorded at the higher value of 54.4% while CO,
peak concentration was 10.2%. This may be related to the higher temperatures
recorded in August 2013 (average 15.6°C) compared with November 2013 (aver-
age 6.8°C). As gases expand with increasing temperature, this could aid transport
through the unconsolidated sands underlying the site.

A summary of emission events and related pressure gradients and pressure dif-

ferences is given in Table 5.3.

Event Peak CH, Peak CO, Average Gradient Peak Pressure Difference
Date (%) (%) (mbar/hr) (mbar)
01-03/08/2013 47.0 10.2 —0.54 5
04-05/08/2013 50.7 9.6 —0.42 4

07/08/2013 40.6 4.5 —0.17 1
08-09,/08,/2013 53.4 5.7 —0.36 2
10-12/08/2013 54.4 74 —0.20 2

Table 5.3: BH 03/4 Gas Emission Events (01/08/2013 — 13/08/2013)

Both the August and November data sets indicate that the steeper the rate
of decline in atmospheric pressure, the greater the resultant pressure difference. In
August the average gradient was —0.37 mbar while in November the average gradient
was —0.72 mbar. This appeared to follow usual UK weather patterns of more settled
conditions in the summer months and more turbulent conditions in the autumn
months. Interestingly, despite the overall weaker gradients observed in August, the
peak concentration of CH, and CO, were far higher than in November. As previously
mentioned, this could be attributed to the warmer average temperatures in August
compared with November.

However, there are some ‘issues’ with the data. On numerous occasions, the
CH, peak is split to such an extent that it cannot be attributed to ‘noise’ in the
data. The most prominent examples occurred between 01:00 and 19:00 BST on 5
August 2013, and between 02:00 and 05:00 BST on 11*® August 2013. On these
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occasions when the CH, concentration dipped, it was offset by a small increase in
CO, concentration. On 5™ August the CO, concentration increased from 5.7% to
9.6% while on 11*® August it increased from 5.1% to 7.4%. This could be evidence
for the oxidation of CH, to CO, in the borehole. It could also just as likely be inter-
ference in the CH, channel from other short-chain alkanes such as ethane C,Hy and
propane C;Hg, or it could be a simple purging issue. Throughout the data set gener-
ated between 19" July 2013 and 25" November 2013 there are numerous examples
of this phenomenon as shown in Appendix E. Further testing would be required to
determine if CH, oxidation is being observed or whether the peak splitting is due

to instrument error.

5.3.2 Comparison with Historic Gas Monitoring Data

To contextualise the high temporal frequency data with the historic gas monitoring
data, the gas data presented in Figure 5.4 for BH 03/4 was normalised to N, and
converted to a ternary plot as prescribed in Chapter 4. The ternary plot for the
historic gas monitoring data is shown in Figure 5.6a and the high temporal frequency

data is presented in Figure 5.6b.

A Historic Point Measurement Gas Data B High Temporal Frequency Gas Data
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Figure 5.6: Site 1 BH 03/4 High Temporal Frequency Gas Data Comparison with Historic Gas Monitoring Data

The ternary plot derived from the high temporal frequency data captured be-
tween 29'" October 2013 and 12 November 2013 clearly show gas compositions
previously identified from the historic gas monitoring data in Chapter 4. Landfill
gas is indicated by a cluster of data points around the 70:30 CH,/N,:CO,/N,, ratio
and air indicated by 100% O,/N,. The high temporal frequency data demonstrate

more fully the gradient that exists between the two populations of gas compositions.
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More importantly, the high temporal frequency data recorded over only a two week
period clearly reproduce the same gas compositions as the historic gas monitoring
data using a point measurement strategy over an eleven year period. Importantly,
the high temporal frequency data recorded over only a two week period clearly
reproduce the same gas compositions as the historic gas monitoring data using a
point measurement strategy over an eleven year period. This is significant as 100%
of the variability in gas composition over eleven years is actually observed on much
shorter timescales. The high temporal frequency data set provides evidence that
point measurement strategies are likely to miss CH, and CO, gas emission events
for this borehole.

It is possible to demonstrate a direct comparison between the historic gas moni-
toring data and the high temporal resolution data recorded by GasClam 000237/05/12
as shown in Figure 5.7. Data recorded by point measurement for the decade 2004—
2013 and the year 2013 are shown in Figures 5.7a and 5.7b. It is important to note
that for Site 1 routine monitoring had been reduced to quarterly measurements in
2008, so only four measurements were made in 2013. As it happened for that year,
no emissions of CH, and CO, were recorded.

However, as can be seen from the high temporal frequency data recorded by
GasClam 000237/05/12, it can be demonstrated that the populations of the different
gas compositions recorded over ten year period 2004-2013 can occur on much shorter
time scales. To clearly illustrate this point data from a specific day (Figure 5.7¢),
within a specific week (Figure 5.7d), within a specific month (Figure 5.7c) were
selected. Clearly on other days, it is a more likely scenario that only air would
be present in the borehole. As previously mentioned, for the period 29** October
2013 — 12" November 2013, 70% of the monitoring period was characterised by air.
What the data for 14 November 2013 clearly demonstrate is that within a 24 hour
period, it is possible for the gas composition to change from air to landfill gas (70:30
CH,/N,:CO,/N,) and vice versa. Therefore, it could be regarded that this virtually
renders the historic point measurement data acquired over ten years as obsolete.

Further data recorded from BH 03/4 for the period 19" July to 25" November
2013 is provided in Appendix E. Although the data presented here strongly indicate
an intrinsic link with fluctuations in atmospheric pressure, it is important to note
that the data set is not substantial enough to affirm this point. Further investigation
over several years and seasons would be necessary to confirm the trends identified

here.
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Figure 5.7: Comparison of Historic Point Measurement Data and High Temporal Frequency Data
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5.4 Site 2

5.4.1 Temporal Changes and Diurnal Effects

Figure 5.8 illustrates the changing gas composition for BH 04, Site 2 for the period
8™ July to 21%¢ July 2014. Historically, this borehole had demonstrated a CH,-rich
gas composition continually from the inception of site activities in August 1998.

Strikingly, the data set produced for BH 04, Site 2, shows a completely different
trend from Site 1, BH 03/4. The changing concentrations of CH, and CO, gases
are not reflected in the changing atmospheric pressure. The pressure difference only
varies between —1 and 0 mbar and appears to make no contribution to the changes
observed in gas composition in BH 04.

When one examines the temperature data (Figure 5.8¢c), it is clear that the gas
present in this particular borehole is changing on a diurnal timescale. CH, and
CO, are inversely proportional to temperature while O, is directly proportional to
temperature. Temperature tended to peak around 7 pm each day during the two
week period. This could be a result of the metal headworks of the borehole having
an insulating effect. Similarly, temperature tended to reach its lowest around 7 am
each day. At this time of day, CH, and CO, concentrations peaked.

Unlike Site 1 where O, varied between 0% and 20.9%, the range of O, concen-
tration recorded for BH 04, Site 2, was between 7.4% and 13.3% (a very narrow
range of 5.9%). At no time was pure air present in the borehole and at no time was
landfill gas (70% CH,:30% CO,). The prevailing gas composition was a mixture
of CH, and O,. When O, concentration is plotted along with temperature (Figure
5.9), the relationship between the gas composition and temperature is resolved. As
the periodicity is over 24 hours, it is assumed that the cycling of gases is diurnal.

Furthermore, as the atmospheric pressure decreases (Figure 5.9), the relationship
between O, concentration and temperature weakens. As the pressure increases and
stabilises, the relationship between O, concentration and temperature strengthens
once more. While atmospheric pressure may not have a direct impact on the gas
composition as it appears to do at Site 1 (where its influence was more analogous
to an on/off switch), it certainly appears to weaken the relationship between gas
concentration and temperature as it is decreases.

Although the presence of CH, and CO, is persistent in BH 04, the fluctuations
in concentration of these gases continue to vary on a diurnal timescale as shown in
Appendix Figures 1.3, 1.2 and [.4.

There was no precipitation recorded at the local weather station, Manchester

Airport (EGCC), during this two-week period. Consequently, there would have been
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Gas Concentration (% v/v) and Atmospheric Pressure (mbar) against Time from BH 04, Site 2
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little to no variation in water table depth and the influence of hydrometric pumping
was ruled out. It is possible that landfill gas was pumped for electricity generation
during this monitoring period and this may have disrupted the periodicity.

BH 08 recorded no CH, as shown in Appendix Figure [.5. Fluctuations in CO,
concentration between 0 and 6.3% appeared to be a diurnal variation as for BH 04.
According to the historic gas monitoring data, BH 08 produced negligible or 0%
CH, from September 2003 onwards (four years after this section of the landfill was
capped). The high temporal frequency gas data is consistent with this.

The data captured in BHs 12 and 14 indicated persistent CH, (~ 10% and
30-65% respectively). However, at the end of the BH 12 time-series (70 — 9
November 2014), there appears to have been an error with the infrared sensor as
CH, concentration increased to 15% without any displacement of CO, and O,. The
subsequent data capture from BH 14 between 10** November 2014 and 5" January
2015 showed flat-lining of both CH, and CO, channels (Figures 1.8, 1.9, 1.10 and
[.11). It was assumed that the infrared sensor was malfunctioning during the period
7" November 2014 and 5" January 2015 and that the data recorded were invalid.
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Figure 5.9: Site 2, BH 04 O, Concentration against Temperature and Atmospheric Pressure (08/07/2014 —
21/07/2014)

5.4.2 Comparison with Historic Gas Monitoring Data

As for Site 1, BH 03/4, the gas concentration data produced by the GasClam for
Site 2, BH 04 was normalised to N, in order to produce a ternary plot of the relative
proportions of CH,/N,, CO,/N, and O,/N,. The historic gas monitoring data is
shown in Figure 5.10a and the high temporal frequency gas data in Figure 5.10b.
Over the seventeen year gas monitoring period, a wide range of gas compositions

was captured. Values approaching 100% CH, /N, were previously identified as hav-
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ing a geogenic gas contribution. Data points ranging along the CH,/N, axis were
also thought to represent a gas of geogenic origin. Values approaching 70%:30%
CH,/N,:CO,/N, perhaps represented a landfill gas mixing component.

By comparison, the high temporal frequency gas data recorded over a two-week
period did not demonstrate a wide spread of different gas compositions. Data points
ranged between 65% and 85% CH,N, with little contribution from CO, (no more
than 5%). The CH,-rich gas captured by the GasClam corroborates some of the
historic gas monitoring data and could be additional evidence that the gas monitored

within BH 04 has a geogenic origin.

A Historic Point Measurement Gas Data B High Temporal Frequency Gas Data
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Figure 5.10: Site 2, BH 04 High Temporal Frequency Gas Data Comparison with Historic Gas Monitoring Data

At Site 1, BH 03/4, it was possible to replicate a distribution of gas compositions
collected over ten years by point measurement on timescales as short as 24 hours by
high temporal frequency measurement, but the same is not true for Site 2, BH 04.
The data collected represent only a small cluster of the overall distribution. Further
data capture over a much longer period such as a year may be more comprehensive.
Alternatively, the data collected by high temporal frequency monitoring may indi-
cate a change in the overall composition of the gas that collects in Site 2, BH 04.

Further investigation would be required to resolve this issue.

5.5 Control Site

5.5.1 Data

A limitation arising from the time-series data derived from the control site is that

there is no existing historic gas monitoring data. Therefore, it is not necessar-



116 CHAPTER 5. HIGH TEMPORAL FREQUENCY DATA

ily practicable to make a direct comparison with the research sites. Furthermore,
within the scope of this research only two weeks’ of data are presented here. It
would be necessary to monitor for a much more extensive period (such as a year)
to absolutely determine the background conditions of the ground. An IonScience
demonstration GasClam (000041/12/09) equipped with a 0-5% sensor was used to
capture background CH, and CO, data. This choice reflected the need to mea-
sure small concentrations with increased accuracy and precision (~ 0.1% resolution
(Klein, 2008)).

Figure 5.11 shows high temporal frequency time-series data obtained from Gas-
Clam for the two week period commencing 3™ February 2014. This was an acute
period of unsettled weather conditions featuring four intense winter storms (depres-
sions) crossing the UK on 4% /5% February 2014 (peak low pressure 968 mbar, 13:59,
5" February 2014), 7th /8% February 2014 (peak low pressure 965 mbar, 14:59, 8t
February 2014), 12" February 2014 (peak low pressure 972 mbar, 14:53, 12" Febru-
ary 2014) and 14*" February 2014 (peak low pressure 964 mbar, 22:53, 14" February
2014). Additionally, the average rate of fall in pressure during these four depres-
sions were 1.06 mbar/hr, 1.17 mbar/hr, 2.40 mbar /hr and 2.00 mbar /hr respectively.
Consequently, conditions were extremely favourable for measuring background con-

centrations of CH, and CO, in the ground gas environment.
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Figure 5.11: High Frequency Time-Series Data from Control Site (03/02/2014 — 17/02/2014)

During each of these depressions, the CO, rose from 0% v/v to a maximum of
1.6% v/v. Concurrently, O, decreased from atmospheric concentration ~ 20% to
an average of 17.8% v/v. As these are simultaneous processes, it is demonstrated
that this is a direct response to changes in atmospheric pressure previously de-
scribed. Displacement of O, is assumed to correspond with background CO, (1.6%

v/v) entering the borehole from the sand formation as a result of rapid decrease in
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atmospheric pressure.

Hooker and Bannon (1993) observed that typical contributions to CO, concen-
tration from natural sources, such as weathering of bedrock, typically lie within the
range 0-5% v/v. Peak CO, concentration lies comfortably within this range. Fur-
thermore, no CH, was detected. Typically, surface ground gas CH, concentration
varies between 0.2 and 1.6 ppm (mean concentration in air) (Hooker and Bannon,
1993). With no known external source of CH, at the Control Site, the concentration

was no expected to exceed 0.1% v/v.

5.5.2 Comparison with Research Sites

Concentrations of CO, lying in the range 1.3% to 1.6% as a direct response to
rapidly decreasing atmospheric pressure were thought to correspond to background
CO, entering the borehole from the surrounding sand formation. No CH, was
recorded. This was expected for background conditions.

The appearance of CO, in the control borehole followed the same pattern as
Site 1, BH 03/4 when both CH, and CO, release was triggered by decreases in
atmospheric pressure. Peak CH, concentration in Site 1 BH 03/4 tended to fall in
the range 25-57%. Its complete omission in the control borehole is consistent with
the absence of landfill microbial processes that produce CH,. CH, gas is therefore
interpreted as being absent from the background. Similarly, peak concentration of
CO, recorded at Site 1, BH 03/4 was ~ 10%. By comparison, the control borehole
peak was only 1.6% CO,. This concentration with background levels reported in
the literature.

The control borehole data follow the same pattern as Site 1, BH 03/4 where at-
mospheric pressure dips resulted in the exchange of air with CH, and CO,, gases. As
only background CO, was present (1.6%) in the control borehole, a major difference
with Site 1, BH 03/4 data is that O, is only slightly displaced. The O, concentration
decreases from atmospheric (20.9%) to around 17% only. It is important that the
change in atmospheric pressure appears to be the overriding variable that induces
the change in gas composition for both the Control Site and for Site 1, BH 03/4.
Therefore it is likely that atmospheric pressure is the most influential control on

emission of gases from the sub-surface.



118 CHAPTER 5. HIGH TEMPORAL FREQUENCY DATA

5.6 Refinement of Conceptual Model

Building on from the initial conceptual model design presented in Figure 4.13, it
was demonstrated by the high temporal frequency gas monitoring data for both Site
1 and the Control Site that change in atmospheric pressure has an effect on gas
emission. This was incorporated into the design as shown in Figure 5.12. As for
Figure 4.13, no assumptions have been made about the mechanics of mass transfer
of gases from the unsaturated zone to atmosphere or otherwise.

Unlike the initial design, there are now two clear scenarios to present. The first
is during rising pressure where it was shown in the data that air displaced ground
gases. The opposite is known to occur when atmospheric pressure is decreasing.
During these conditions, ground gas concentration increased in the test boreholes
at Site 1 (Figure 5.4) and the Control Site (Figure 5.11). This corresponded to a
transfer of CH, and CO, from the sub-surface to the atmosphere.

The extent of the dilution that air has on ground gases is unquantified at this
stage as it is not possible to measure the concentration of gases at depth. Therefore,
the arrows showing the transfer of air to the ground only represent the top 1 m as
that is the depth that the GasClam works at. Under falling atmospheric pressure
conditions, CH, and CO, ground gases appear in the test boreholes, it is assumed
that this is equivalent to expulsion of gases from the ground to the atmosphere. It
would not have been possible to prove this mechanism using a point measurement
strategy.

Site 2 boreholes’ high temporal frequency data showed persistent CH, and CO,
that appeared to vary slightly on a diurnal timescale. This was particularly apparent
for Site 2, BH 04. However, further data capture over a longer period would be
required to determine the extent of diurnal cycling of gases. A further dimension
that could be added at this stage of the conceptual model design would be the diurnal
variation shown in Site 2, BH 04 (Figure 5.8). The data showed that atmospheric
pressure was the priority variable that effected gas composition. Therefore, the
diurnal cycling shown in Figure 5.8 was not incorporated into the model design.

With a reasonable degree of confidence, it can be said that varying atmospheric
pressure is a major control on release of CH, and CO, gases from the unsaturated
zone. This intrinsic link has been clearly shown in the high temporal frequency gas
data. However, there are some unknown variables which also play a roll in changing
gas compositions and emissions from ground to atmosphere that lead to further

research questions:
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Figure 5.12: Refined Conceptual Model Design using High Temporal Frequency Data

e To what extent is there a change in gas composition occurring on diurnal
timescales;

e Relating to diurnal variation, what is the effect of temperature on the compo-
sition of gas released from the sub-surface to the atmosphere;

e What is the effect of season on the frequency and composition of gas emissions;
and,

e Can the high variance in gas composition observed here be replicated for other

geologies.

In this context, the data that showed the high variance in gas composition may
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be viewed as initial findings. In order to address the further research questions
that have been identified, it is clear that multiple high temporal frequency data sets
covering many years would be required. This would also require the use of multiple
GasClam (or equivalent) units which is beyond the scope of the research presented
here. Also, the sites selected for this research were deliberately chosen for their
underlying geology which incorporated a thick, unconsolidated, unsaturated zone.

Further studies would need to investigate different geologies.



Chapter 6

Determination of Gas Source

6.1 Introduction

This chapter introduces the concept of identification of ground gases by use of stable
isotope analysis (1*C CH,, *C CO, and *H (D) CH,). A methodology that includes
sampling technique, appropriate atmospheric conditions for sampling, measurement
of absolute gas concentrations and measurement of stable isotopes by isotope-ratio
mass spectrometry (IRMS) is outlined. Absolute concentrations of gases measured
from landfill sites and coal mines by landfill gas analyser (GFM436) and gas chro-
matography mass spectrometry (GC-MS) are detailed along with the isotope ratios
determined by IRMS.

A key concept in the use of stable isotopes to determine gas source is that
CH, formed biochemically in landfills will be depleted in the heavier '*C and *H (D)
isotopes as microbes discriminate against these isotopes (i.e. lower, or more negative
13C and 2H) compared with thermogenic (e.g. geogenic) CH, (Kerfoot et al., 2013).
Biogenic gas sources such as landfill tend to have more negative 13500H4 values
and are isotopically depleted in the heavier *C isotope (values generally < —60%
(Hitchman et al., 1989)). Correspondingly, CO, evolved from landfill gas is enriched
in *C. Values of "*§Cco, are higher than (more positive than) *§Ccp,. Hitchman
et al. (1989) reported *0Cco, values from landfill in the range —12.8 to +12.0%o.

By comparison, thermogenic sources (e.g. geogenic) of CH, are relatively iso-
topically enriched in '*C and have more positive '*6Ccp, values. For closed collieries
in Nottinghamshire, UK, Zazzeri et al. (2015) observed *0Ccy, values in the range
—33.3 + 1.8%0 to —30.9 &+ 1.4%.

Also used as a reference for gas source is D in CH,. Like *C CH, from bio-
genic sources such as landfill, there is a depletion in D in CH,. For example, Raco

et al. (2014) reported dDcy, from biogenic sources in the range —329 to —291%q.

121
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Thermogenic sources such as coal gas are relatively isotopically enriched in D in CH,
and consequently have higher (or more positive) dDcy, values than biogenic sources.
Kerfoot et al. (2013) observed 0Dcy, values in the range —197.4 to —193.7%o. There-
fore, using the 135CCH4, 135C002 and 0Dcp, values, it is possible to differentiate
biogenic gas source from geogenic gas source as both sources indicate distinct sig-
natures.

Figure 6.1 is a schematic of carbon isotope fractionation in anoxic environments
such as landfills in Phase 3 and 4 of gas production. In anaerobic environments of
landfills the isotopic composition of CH, and CO, is predominantly controlled by
acetoclastic methanogenesis, which results in CH, depleted in '*C and CO, enriched
13C as methanotrophic archaea preferentially degrade the 2C-fraction of substrates
(Clark, 2015).
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MATTER il » ALCOHOLS
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synthrophy
C02 £=1.00
5'°C -28%o \\>
H,

co,
5"3C -19%o

hydrogenotrophic methanogenesis

(CO, reduction)
£=1.06-1.09
CO,-meth
Ha 5'°C +9%o
Y
CH CH ACETIC ACID
4 4
< : : CH;COOH
acetoclastic methanogenesis 3

5'3C -92%o 5'3C -65%o e = 1.08.1.06 515G 28%,

Figure 6.1: Schematic of Carbon Isotope Fractionation in Anoxic Environments (after Holmes et al. (2015))

Showing Processes (red italics), Fractionation Factors (¢), and Expected Isotopic Compositions (§13C)
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6.2 Methodology

6.2.1 Atmospheric and Meteorological Conditions

The landfill gas samples were collected from Sites 1 and 2 between 10:00 and 14:00
on 8% February 2016. The sampling was timed to coincide with rapidly falling
atmospheric pressure to ensure that boreholes would be under pressure (i.e. positive
borehole flow conditions) to allow easy collection of samples. On the day of the
sample collection, the UK was impacted upon by ‘Storm Imogen’ as part of the
2015-16 UK and Ireland Windstorm Season. This was the first such season to have
named storms by the Met Office and Storm Imogen was the ninth named storm of
the season.

Storm Imogen recorded a maximum wind speed of 154.5 km /hr at Needles Old
Battery, Isle of Wight and a peak low pressure of 962 mbar (Met Office, 2016).
Local conditions at Sites 1 and 2 were windy and heavy rain. Peak wind gusts in

the vicinity were recorded at 107.3 km/hr and low pressure at 973 mbar.
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Figure 6.2: Atmospheric Pressure 06/02/2016 — 10/02/2016

Significantly, preceding the beginning of Storm Imogen on 7" February 2016,
there was a steep decrease in atmospheric pressure on 6" February 2016. During
the period 00:00 — 18:30 on 6™ February, the pressure dropped from 1004 mbar to
980 mbar, this equated to an average rate of 1.3 mbar/hr. This deep atmospheric
pressure decline coupled with a further drop of 16 mbar over 18 hours (average 0.89
mbar /hr) during Storm Imogen would have induced positive borehole pressure in

the research boreholes.
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6.2.2 Landfill Gas Sampling

The samples were collected in 1 [ SKC FlexFoil sample bags with stainless steel
fittings (Product Code 263-01). Prior to sample collection on 8" February 2016,
the bags were cleaned three times with N,,.

At Sites 1 and 2, boreholes were targeted based upon historic composition of gas
(see Chapter 4 and Appendices B and C). At Site 1, boreholes 03/4, 03/6 and 03/7
were selected and at Site 2, boreholes 04, 08 and 12 were selected. Additionally the
flared gas and landfill waste were directly sampled at Site 2 as a reference for pure
landfill gas.

Parameters were measured using a GFM436 hired from TerraConsult Ltd. These
included CH, (%), CO, (%), O, (%), CO (ppm), H,S (ppm), Atmospheric Pressure
(mbar), Differential Pressure (mbar) and Flow (1/hr). Additionally a dip meter
was used to measure the groundwater depth at Site 1. The recorded atmospheric
pressure was corrected to sea level.

Following the measurement of gases using the GFM436, a sample bag was at-
tached to the borehole valve via a hand pump. Gas was pumped into the sample
bag using the hand pump over a period of 30 s (the large flows recorded aided the
inflation of the sample bags). Once the sample was acquired, the flexifoil bag valve
was securely closed. Using a 10 ml syringe, four 10 ml samples were aliquoted into
12 ml exetainers for analysis.

The atmospheric and ground conditions on 8" February 2016 are recorded in
Table 6.1. The flared gas at Site 2 differential pressure was above the certified
calibration range of the instrument. Groundwater depths are not routinely recorded
at Site 2 as part of the gas monitoring regime and were not measured on the day of

the sample collection.

6.2.3 Coal Gas Sampling

To reference the landfill gas samples, further samples from former colliery mineshaft
vents were collected on 16" March 2016. The two former mineshaft vents were cho-
sen as they were located in the South Lancashire Coalfield, UK, and were likely to
contain CH,-bearing rocks of a similar age to those that underlie Site 2. Further-
more, they exhibited persistent CH, from closure of the colliery in the mid-1990s.
The two mineshaft vents were located in Merseyside, UK, at 53.447854 °N, -2.604223
°E and 53.447913 °N, -2.603292 °E. The sampling process was the same as for landfill

gas sampling.
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Atmospheric Differential Peak Steady Groundwater Ambient
Sample ID Pressure Pressure Flow Flow Depth Temp.
(mbar) (mbar) (I/hr) (1/hr) (m) (°C)

Site 1 (08/02/2016)

BH 03/4 973 13.58 72.6 72.6 Dry
BH 03/6 973 -0.31 0.2 -3.2 18.32 7
BH 03/7 976 1.42 14.8 14.7 Dry

Site 2 (08/02/2016)

BH 04 974 -0.17 0.8 -2.1 NM 7
BH 08 974 1.04 23.6 10.4 NM 7
BH 12 975 -0.05 -0.9 -0.9 NM 7
Flare 975 >> 110.3 110.3 NM 7
Landfill Cell 973 10.39 60.6 59.5 NM 7
Mineshaft Vents (16/03/2016)
Mineshaft 1 1027 0.0 0.0 0.0 NM 10
Mineshaft 2 1027 0.0 0.0 0.0 NM 10

Table 6.1: Atmospheric and Ground Conditions Measured by GFM436

6.2.4 GC-MS Analysis

To determine the concentration of gases contained in the 12 ml exetainers, the sam-
ples were analysed by GC-MS at Newcastle University. The analysis of biogenic
gases was performed on a Fisons 8060 GC using split injection (150°C) linked to
a Fisons MD800 MS (electron voltage 70 eV, filament current 4 A, source current
800 pA, source temperature 200°C, multiplier voltage 500 V, interface temperature
150°C). The acquisition was controlled by a Compaq Deskpro computer using Xcal-
ibur software; in full scan mode (1-150 amu/scdwell 10 ms/amu) or in SIM mode
10 ions (dwell 100 ms/ion) for greater sensitivity. The headspace sample (100 pul)
was injected in split mode and the GC programme and MS data acquisition com-
menced. Separation was performed on a HP-PLOT-Q capillary column (30 m x
0.32 mm i.d.) packed with 20 um @Q phase. The GC was held isothermally at 35°C
with He as the carrier gas (flow 1 ml/min, pressure 65 kPa, split at 100 ml/min.
The chromatograms of the separated gases (CH,, CO,, N,O, SF; etc) were inte-
grated and quantified. The acquired data was stored on DVD for any further data

processing, integration and printing.



126 CHAPTER 6. DETERMINATION OF GAS SOURCE

6.2.5 Stable Isotope Analysis
Newcastle University

Compound specific GC-IR-MS analysis of the gas samples was performed on a
Thermo Trace Ultra GC using a splitless injector (150 °C) via a Combustion III
Interface linked to a Thermo Delta V4 IR-MS (HT voltage 3-5 kV, Trap current
0.75 mA, Box current 0.7 mA). The acquisition was controlled by a Dell computer

using Thermo Isodat software.

The Thermo Delta V+ GC-IR-MS instrument was initially set in Carbon mode
monitoring the CO, /45 §C 12/13 ratio. The sample (1-100 pl) was injected manually
with the split open at 500:1. The GC column was kept at 35 °C for the entire run
with He as the carrier gas (flow 1 ml/min, at a pressure of 80 kPa, split at 500
ml/min). Chromatographic separation of the mixture of gases was performed on
a fused silica capillary column (30 m x 0.32 mm i.d.) filled with 20 ym PLOT-Q
powder phase. The Reference Gas was pulsed into the mass spectrometer and after
5 minutes the back flush valve directed the split sample from the end of the GC
column via the Combustion Furnace (940 °C) and Reduction Furnace (650 °C) to
CO, and into the mass spectrometer through a micro capillary isolation valve into
the source where the gas is ionized and the resulting ions separated in a magnetic
field to 3 cup detectors for masses 44, 45, 46 and so give an isotopic ratio value
determined from a pulsed reference gas (CO,) calibrated from a reference 15 Alkane
(A4) or 8 Fame (F8) mixture with peak specific known isotopic values for Carbon.
(Arndt Schimmelmann, Indiana University, USA)(Certificate of Analysis).

The Thermo Delta V+ GC-IR-MS instrument was then set in hydrogen mode
monitoring the H, 23 6D ?/3 ratio. As before the hydrogen reference gas was pulsed
into the mass spectrometer and after 5 minutes the back flush valve directed the
split sample from the end of the GC column via the combustion furnace (1400
°C) only, to Hy and into the mass spectrometer through a micro capillary isolation
valve into the source where the gas is ionised and the resulting ions separated in
a magnetic field to 2 cup detectors for masses 2, 3 and so gives an isotopic ratio
value determined from a pulsed reference gas (H,) calibrated from a reference 15
Alkane (A5) or 8 Fame (F83) mixture with peak specific known isotopic values for
H,. (Arndt Schimmelmann, Indiana University, USA)(Certificate of Analysis).

The resulting isotope ratios were measured by the Thermo Isodat dynamic back-
ground integration Workspace software to give the peak retention times and isotope
ratios as 03 H values. The data was also stored on DVD for any further data

processing or integration or printing.
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University of California Davis Stable Isotope Facility

Samples were analysed by Isotope-Ratio Mass Spectrometry (IRMS) according to
the method prescribed by Yarnes (2013) and UC Davis Stable Isotope Facility
(2016).

Stable isotope ratios of §C and éD in CH, were measured using a Thermo-
Scientific PreCon concentration system interfaced to a ThermoScientific Delta V
Plus IRMS (ThermoScientific, Bremen, DE). Gas samples were purged from vials
through a double-needle sampler into a He carrier stream (20 ml/min), which was
passed through a H,O/CO, scrubber (Mg(ClO,),, Ascarite) and a cold trap cooled
by liquid N,.

The CH, was separated from residual gases by a Rt-Q-BOND GC column (30
m x 0.32 mm x 10pm, 30°C, 1.5 ml/min). After the CH, was eluted from the
separation column, CH, was either oxidised to CO, by reaction with nickel (II)
oxide (NiO) at 1000°C (36C), or pyrolysed in an empty alumina tube heated to
1350°C (dD). Subsequently the sample was transferred to the Isotope Ratio Mass
Spectrometer (IRMS).

A pure reference gas (CO, or H,) was used to calculate provisional d-values for
the sample peak. Final §-values were obtained after adjusting the provisional values
for changes in linearity and instrumental drift so that correct d-values for laboratory
standards were obtained. Laboratory standards were commercially prepared CH,
gas diluted in He or air and were calibrated against National Institute of Standards
and Technology (NIST) reference materials (SRM) 8559 (Natural gas/coal origin),
8560 (Natural gas/petroleum origin), and 8561 (Natural gas/biogenic).

Stable isotope ratios of 1*§C in CO, were measured using a ThermoScientific
PreCon-GasBench system interfaced to a ThermoScientific Delta V Plus IRMS
(ThermoScientific, Bremen, DE). CO, was sampled by a six-port rotary valve (Valco,
Houston TX) with a 100 ul loop programmed to switch at the maximum CO, con-
centration in the He carrier gas. The CO, was subsequently separated from N,O
and other residual gases by a Poroplot Q GC column (25 m x 0.32 mm i.d., 45°C,
2.5 ml/min).

A pure reference gas (CO,) was used to calculate provisional d-values of the
sample peak. Final 13C values were obtained after adjusting the provisional values
so that correct 3§C values for laboratory standards were obtained. Two laboratory
standards were analysed with every 10 samples. NIST SRM 8545 (LSVEC/C, O,

and Li isotopes in Li,CO,) was used to directly calibrate laboratory standards.
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Limits of Quantification

The IRMS limits of quantification are summarised in Table 6.2.

Analysis Limit of Quantification Long-term Standard Deviation
(nmol) (%0)

3C CH, 0.8 0.2

D CH, 2.0 2.0

13¢ co, 150 0.1

Table 6.2: IRMS Limits of Quantification (from UC Davis Stable Isotope Facility (2016))

6.3 Absolute Concentration of Samples

The gas concentrations measured by the GFM436 landfill gas analyser and by gas

chromatography-mass spectrometry (GC-MS) are compared in this section.

6.3.1 GFM436 Data

The measured concentrations of CH, (%), CO, (%), O, (%), CO (ppm) and H,S
(ppm) on 8™ February 2016 are recorded in Table 6.3.

As with the historic ground gas monitoring data reviewed in Chapter 4, the gas
concentrations were normalised to N, (assuming N, to be the balance) as shown in
Figure 6.3. Where the concentration of these gases was below the detection limit
of the GFM436 (< 0.1%), the concentration was assumed to be 0.0%. These ratios
were then normalised to 100% thereby enabling the sample concentrations to be
presented in a ternary plot (Figure 6.3).

The samples show an interesting range of CH, and CO, compositions. As would
be expected, ‘Site 2: Flare’ and ‘Site 2: Landfill Cell’ samples show a ratio of 60:40
CH,:CO, in accordance with the landfill gas ratio. Likewise, the proportion of CH,
to CO, in ‘Site 1: BH 03/4’ is 60:40 which is also indicative of landfill gas. This
differs slightly from the historic data and high temporal frequency data where the
60:40 ratio was observed on few occasions. The most likely explanation for this
would be that scrubbing of CO,, from the system did not occur when the monitoring
well was sampled. ‘Site 1 BH: 03/7" also shows a landfill gas signature but in a
slightly richer CH, proportion to CO, (70:30). Of all the boreholes sampled, ‘Site 2:
BH 04’ contained the greatest proportion of CH, at 80% compared with 20% CO,.

Importantly, the relative quantities of CH,, CO, and O, measured in these samples
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are consistent with those measured historically (Chapter 4) and the high temporal

frequency data (Chapter 5).

CH, Cco, O, CcO H,S
Sample ID
(%) (%) (%) (ppm) (ppm)
Site 1 (08/02/2016)
BH 03/4 15.8 9.0 < 0.1 <1 <1
BH 03/6 <0.1 0.5 1.8 <1 <1
BH 03/7 19.2 7.1 < 0.1 <1 <1
Site 2 (08/02/2016)
BH 04 22.1 5.6 1.0 <1 <1
BH 08 < 0.1 5.2 10.5 <1 <1
BH 12 2.0 5.6 1.0 <1 <1
Flare 41.7 25.5 < 0.1 <1 25
Landfill Cell 39.3 24.2 0.1 <1 <1
Mineshaft Vents (16/03/2016)
Mineshaft 1 98.8 0.8 0.3 <1 <1
Mineshaft 2 35.0 0.6 11.4 <1 <1

Table 6.3: Gas Concentrations Measured by GFM436

Borehole 12, Site 2 demonstrated a mixing of CH,, CO, and O, in the rela-
tive proportions CH, /N, 23.3%, CO,/N, 65.1% and O,/N, 11.6%. The differential
pressure and flow rate were both slightly negative (-0.05 mbar and -0.9 1/hr respec-
tively) despite the large drop in atmospheric pressure that had induced very large
flows elsewhere on Site 2 (23.6 1/hr peak flow BH 08 and 60.6 1/hr peak flow LFC).
Similarly, BH 04 recorded a weak negative differential pressure (-0.17 mbar) and a
weak peak flow of 0.8 1/hr. However, steady flow was weakly negative (-2.1 1/hr).
Despite this CH, and CO, were present in the ratio CH,/N,:CO,/N, 80:20.

Likewise, at Site 1, BH 03/6 was the only borehole to record a negative differ-
ential pressure (-0.31 mbar) and flow rate (-3.2 1/hr steady). Considering BH 03/4
and BH 03/7 recorded differential pressures of 13.58 and 1.42 mbar respectively
and steady flow rates of 72.6 1/hr and 14.7 1/hr respectively, BH 03/6 seems to be
anomalous in the context of the Site and proximity to the landfill waste. It could
be that this borehole does not have an air-tight seal thereby diluting the CH, and
CO, concentrations. Additionally, the concentrations of CH,, CO, and O, are such
that the balance (i.e. N,) is 97.7% which is an unlikely stable scenario. This could
be attributed to instrument error. However, as will be seen with the GC-MS data,

the concentration of CO, is in reasonable agreement with the GFM436.
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Figure 6.3: Measured Gas Compositions for Landfill and Mineshaft Vent Samples

By comparison, the mineshaft vents showed very different relative proportions
of CH, and CO,. Mineshaft 1 approached 100% CH,/N, while Mineshaft 2 gas
was in the ratio 75:25 CH,/N,:0,/N,. These gas compositions were consistent with
CH,-rich gas derived from underlying Carboniferous Coal Measures. It is interesting
to note that on numerous occasions Site 2, BH 04 also approached 100% CH,/N,
during the historic monitoring period (1998-2015).

6.3.2 GC-MS Data

In most cases, the GC-MS data were in reasonable agreement with the GFM436
data measured on 8" February 2016. Measured concentrations of CH, by GC-MS
were within £11.4% and CO, were within £7.8%. Notable exceptions included Site
1 BH 03/4 where the concentration of CH, and CO, was two orders of magnitude
lower than that measured by the GFM436. It was assumed that a sampling error
had occurred. Likewise, the concentration of CH, and CO, measured in the landfill
cell by GC-MS was one order of magnitude lower than what was measured by the
GFM436. A sampling error was also attributed to this lower concentration.

For the purposes of IR-MS analysis, all samples were above the limits of quan-

tification (Table 6.2). Although an order of magnitude less than measured by the
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GFM436, the concentration of CH, and CO, measured in the landfill cell by GC-
MS approximately equated to the expected 60:40 CH,:CO, landfill gas ratio. When
calculating concentrations by peak area from the GC-MS chromatogram, there is a
scaling error beyond the calibration curve limits. This would account for some of
the deviations observed between concentration measured by GC-MS and GFM436.

The GC-MS data for landfill gas samples are compared against the GFM436
data in Table 6.4.

GFM}36 Data GC-MS Data
CH CcO CH CcoO
Sample ID 4 2 4 2
(%) (%) (%) (%)
Site 1
BH 03/4 15.8 9.0 0.4 0.2
BH 03/6 < 0.1 0.5 0.0 0.2
BH 03/7 19.2 7.1 17.9 6.1
Site 2
BH 04 22.1 5.6 20.4 4.0
BH 08 <0.1 5.2 NM NM
BH 12 2.0 5.6 2.1 5.0
Flare 41.7 25.5 53.1 17.7
Landfill Cell 39.3 24.2 5.9 3.4
Mineshaft Vents
Mineshaft 1 98.8 0.8 NM NM
Mineshaft 2 35.0 0.6 NM NM

Table 6.4: Gas Concentrations Measured by GC-MS

6.4 Stable Isotope Data

6.4.1 Comparison of Data Sets

A summary of the data produced at Newcastle University and the data acquisition
from the University of California Davis Stable Isotope Facility (UC Davis SIF) is
provided in Table 6.5. This table provides a clear comparison between the two data
sets used for the analysis of gas source. The difference between data sets is shown
in Table 6.6.

On inspection of the two data sets, it is clear the '*§Ccp, and '*6Cco, values are
largely in good agreement. The average difference between data sets is 1.80%0 with a
standard deviation of 1.23%o for '*6Ccp, values. Similarly, the "*0C¢o, values show
a low dispersion with an average difference of 1.06%0 between the two data sets. A

slightly larger standard deviation of 3.33%¢ was derived for 1350002 values owing to
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the large difference of 35.59%0 between Newcastle University and UC Davis SIF data
for Site 1, BH 03/6. The data for Site 1, BH 03/6 represents the only significant
deviation in 3C values.

Owing to the fact that D¢y, values are an order of magnitude greater than
¥0Ccn, and P0Cco, values, it is understandable that there is greater deviation
between the two data sets. The average difference between values calculated at
Newcastle University and UC Davis SIF was 9.81%¢ with a standard deviation of
14.13%o. Similarly to C values, the greatest difference between data sets was
recorded at 35.67%qo for Site 2, BH 08 for 6Dcy,. This value is approximately the

same maximum deviation as was recorded for 135Cc02 values.

Newcastle University UC Davis SIF
135C 6D 135C 135C 6D 135C
Sample ID CH, CH, co, CH, CH, co,
(%%0) (%%e0) (%%0) (%%0) (%0) (%0)
Site 1
BH 03/4 —58.2 —298 —55.6 —54.07 -307.1 —57.67
BH 03/6 N/A N/A ~133 N/A N/A —48.92
BH 03/7 —61.0 —253 —51.0 —60.60 —238.1 —50.48
Site 2
BH 04 —55.6 —172 —47.0 —53.77 —158.2 —46.74
BH 08 —55.0 —173 —37.0 —53.80 —137.3 —28.10
BH 12 —48.0 +55 —32.8 —47.06 +74.0 —32.79
Flare —65.0 —319 +5.0 —63.58 —309.8 +6.96
Landfill Cell —64.5 —316 +5.5 —62.12 —326.3 +6.50
Mineshaft Vents
Mineshaft 1 —46.2 —214 —10.9 —43.05 —202.6 —9.21
Mineshaft 2 —50.5 —208 —46.1 —49.85 —204.2 —48.81

Table 6.5: Stable Isotope Ratios Measured at Newcastle University and UC Davis Stable Isotope Facility

As the variation between data sets for *6Ccy, and *dCco, values was so little,
there is a good degree of confidence that the values reported are close to the true
value for the samples. The only exception was the 135C002 value for Site 1, BH 03/6
where the discrepancy was 35.59%0. Therefore it cannot be determined what the
true value is with any certainty. The dDcp, values demonstrated a greater average
difference between the two data sets. The standard deviation was only 14.13%0 and
the maximum difference was 35.67%¢ (Site 2, BH 08), a similar discrepancy to the
maximum 13(50002 difference value that was recorded for Site 1, BH 03/6. Owing
to the greater dispersal of the data, there is perhaps less confidence in the dDcp,

values. However, it was thought that the discrepancies between the data sets was
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not large enough to be a major concern.

135C D 135C

Sample ID CH, CH, CO2

(%0) (%0) (%o0)
Site 1 BH 03/4 —4.12 +9.12 +2.05
Site 1 BH 03/6 N/A N/A +35.59
Site 1 BH 03/7 —0.40 —14.89 —0.52
Site 2 BH 04 —1.80 —13.78 —0.26
Site 2 BH 08 —1.20 —35.67 —8.90
Site 2 BH 12 —0.94 —18.98 —0.03
Site 2 Flare —1.42 —9.21 —1.96
Site 2 Landfill Cell —2.43 +10.30 —0.95
Mineshaft 1 —3.16 —11.38 —1.72
Mineshaft 2 —-0.70 —3.77 +2.71
Average —1.80 —9.81 —1.06
Standard Deviation 1.23 14.13 3.33

Table 6.6: Difference between Stable Isotope Ratios Measured at Newcastle University and UC Davis Stable
Isotope Facility

6.4.2 Determination of Gas Source
135001{4 versus 1350002

The '*6Ccn, versus *0Cco, data (Figure 6.4) show substantial variation in the
landfill gas samples and mineshaft vent samples. It is useful to use Landfill Site 2
Flare and Landfill Cell samples as a reference point. According to Kerfoot et al.
(2013), microbes discriminate against '*C and *H. Consequently, residual CH, is
isotopically depleted in the heavier stable carbon isotope (*C) producing a more
negative 0C value, while residual CO, is relatively enriched in '3C leading to a
more positive )C value. The data for Site 2 Flare and Landfill Cell demonstrate
this isotope signature ("*0Ccn, —65.0%0, *6Cco, +5.0%0 and *6Ccn, —64.5%o,
5Cco, +5.5%o recorded respectively for Site 2 Flare and Site 2 Landfill Cell at
Newcastle University).

With reference to these values, the perimeter boreholes at Site 1 and Site 2, along
with the mineshaft vents and North Sea Gas samples are all relatively depleted in
CO,. Values recorded for *§Cco, at Site 1 landfill were —55.6%0 and —51.0%o
for BH 03/4 and BH 03/7 respectively, while Site 2 landfill perimeter boreholes
were slightly more enriched in CO, with more positive 135@002 values —47.0%o,
—37.0%0 and —32.8%0 measured for BH 04, BH 08 and BH 12 respectively. These
data indicate that the perimeter boreholes at both sites are isotopically depleted in
12C0, with respect to Site 2 Landfill Flare and Landfill Cell gases. This observed
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discrepancy could be due to several factors including the age of the waste and the

composition of the waste material.
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Figure 6.4: 13(5CcH4 (%0) versus 136Cco2 (%0) (Measured at UC Davis SIF and Newcastle University)

By comparison, Mineshaft Vent 1 and North Sea Gas samples show a slight en-
richment in *C by comparison with the landfill perimeter borehole gas samples.
The values recorded for *0Ccy, and §Cco, were —46.2%0 and —10.9%o respec-
tively for Mineshaft 1 and —43.5%0 and —15.5%0 respectively for North Sea Gas.
This was consistent with older, geogenic gas sources being enriched in *CH, and
12C0,. However, Mineshaft Vent 2 showed an isotope signature that was similar
to the landfill perimeter boreholes, particularly at Site 2. The values recorded for
Mineshaft Vent 2 *6Ccy, and *6Cco, were —50.5%0 and —46.1%0 respectively.
This demonstrated an overlap with Site 2 landfill perimeter boreholes. This could
be attributed to air leaking into this mineshaft vent (11.4% O,).
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130Ccn, versus 0Dcn,

Perhaps more useful for the determination of gas source is the 135CCH4 ratio versus

dDcn, ratio as shown in Figure 6.5.
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Figure 6.5: 1350@]{4 (%0) versus 6Dcn, (%o) (Measured at UC Davis SIF and Newcastle University)

Figure 6.5 clearly demonstrates a spectrum of stable isotope signatures rang-
ing from biogenic gas source to geogenic gas source. Using Site 2 Landfill Flare
and Landfill Cell gas samples as a reference, the 136001{4 values were measured at
—65.0%0 and —64.5%0 respectively while 6Dcpn, values were measured at —319%o
and —316%o respectively. Site 2 Landfill Flare and Landfill Cell Gas samples demon-
strated an isotopic depletion in '3C and D in CH,. All other samples were isotopically
enriched in ¥C and D in CH, with respect to Site 2 Landfill Flare and Landfill Cell

gases.
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Site 1 landfill monitoring wells recorded *dCcy, values of —58.2%0 and —61.0%o
(BH 03/4 and BH 03/7 respectively) and 0Dcn, values of —298%0 and —253%0 (BH
03/4 and BH 03/7 respectively). The *§Ccu, and 0Dcn, ratios for Site 1 BH 03/4
and BH 03/7 also indicate a biogenic gas source as the values were similar to the
pure landfill gas samples from Site 2 and biogenic sources generally yield 13(50@H4
values < —60%o0 (Hitchman et al., 1989).

Site 2 perimeter boreholes (BH 04, BH 08 and BH 12) diverge significantly from
the Site 2 Flare and Landfill Cell gas stable isotope ratios. The stable isotope
ratios acquired for 135CCH4 and (SDCH4 demonstrated a enrichment in both 3C and
D in CH,. This was inconsistent with a biogenic gas source and more consistent
with a geogenic gas source. Owing to the complicated geology of Site 2 which
includes underlying Carboniferous Coal Measures, this is perhaps not unexpected.
The 135CCH4 ratios measured for BH 04, BH 08 and BH 12 were —55.6, —55.0 and
—48.0%0 respectively. Borehole 12 in particular shows a significant enrichment in
13C0, with respect to the Flare and Landfill Cell gases which were ~ —65.0%0. Using
Hitchman et al. (1989) rule that thermogenic gas sources generally yield *6Ccp,
values > —60%qg, this would suggest that the Site 2 perimeter monitoring wells

indicate a geogenic gas source.

By comparison, the 135CCH4 values for known geogenic gas sources were —46.2,
—50.5 and —43.5%0 for Mineshaft Vent 1, Mineshaft Vent 2 gas samples and North
Sea Gas (gas standard). The Site 2 perimeter borehole gas samples certainly overlap
this range of 135CCH4 ratios and provides further evidence that there is a geogenic

gas source contribution present at Site 2.

Perhaps the most surprising results were the dDcp, ratios for the Site 2 perime-
ter boreholes which all yielded values greater than the mineshaft vents and North
Sea Gas standard. The Site 2 boreholes produced dDcg, values of —172, —173 and
+55%0 for BH 04, 08 and 12 respectively. These data indicate D enrichment com-
pared with Mineshaft 1 and Mineshaft 2 which produced dDcp, values of —214 and
—208%0 respectively. As Site 2 perimeter boreholes show 1350(;1{4 ratios similar to
the mineshaft vent samples and dDcy, ratios greater than the mineshaft vents, in
this context, it provides evidence that Site 2 boreholes have a geogenic gas source

contribution.

The dDcp, result for BH 12 stands out from all the other samples. The very
positive value of +55%o, corroborated by the UC Davis SIF figure of +74.0%0 implies
an enrichment of deuterium in CH,. As residual CH, in landfills is expected to be
depleted in the heavier isotopes of carbon (}3C) and hydrogen (D), the data strongly
indicate that the origin of CH, in this particular borehole is different from BHs 04
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and 08. Bacterial oxidation of CH, enriches residual CH, in both *C and D with
changes in 0Dcp, values typically ~ 8 to 14 times greater than 135CCH4 (Aelion
et al., 2009; Coleman et al., 1981). Given that the gas composition of BH 12 as
per Figure 6.3 was (relatively) ~ 23% CH,, 65% CO, and 12% O,, indicating a
proportion of CH, oxidation to CO, in an oxic environment, this could be a likely
scenario. However, it was not possible to obtain comparable dDcn, values from
the literature. If this hypothesis is correct, the gas present in Site 2 BH 12 is of
a biogenic origin. This would also agree with the historic gas monitoring data for
this borehole (Chapter 4, Figure 4.4c) which predominantly showed a landfill gas
composition between 1998 and 2015. However, this is an unsatisfactory explanation
as O, should be absent from the landfill environment.

To put the data into context, they were plotted along with data from the lit-
erature as discussed in Chapter 2 Figure 2.5. Data from Bergamaschi and Harris
(1995); Bergamaschi et al. (1998); Dai et al. (2012); Widory et al. (2012); Kerfoot
et al. (2013); Hu et al. (2014); Ni et al. (2014); Raco et al. (2014) demonstrating sta-
ble isotope ratios for biogenic gas sources (landfill) and thermogenic sources (geologic
gas originating from Sichuan and Turpan-Harmi Provinces, China and California,
USA) are plotted along with data from Site 1 and Site 2 landfills, mineshaft vents
and North Sea Gas in Figure 6.6. Site 2, BH 12 is not shown in Figure 6.6 owing to
its high dDcp, value lying far outside the common range for stable isotopes.

Figure 6.6 provides a useful reference for the determination of gas sources at
Site 1 and Site 2 landfills. Both Site 2 Flare and Landfill Cell gases, and Site 1
BH 03/4 and BH 03/7 gases are shown to be in the biogenic gas range. For landfill
gas, Raco et al. (2014) reported "*6Ccp, values in the range —66.3 to —46.1%0 and
dDcn, values in the range —329 to —291%o. Similarly, Kerfoot et al. (2013) reported
39Ccn, values in the range —63.2 to —47.2%o0 and D¢y, values in the range —299.6
to —253.7%0. Site 2 Flare and Landfill Cell gases are shown to be at the lower end of
the ranges outlined by Raco et al. (2014) indicating the greatest amount of isotopic
depletion in ¥C in CH,.

At Site 1 where this no known input of CH, and CO, except from the landfill,
the values recorded for the perimeter boreholes BH 03/4 and BH 03/7 were —58.2%
135CCH4, —298%0 0Dcn, and —61.0%0 135CCH4, —253%0 0Dcn,. These values also
agree with those reported by Raco et al. (2014); Kerfoot et al. (2013) and clearly plot
in the biogenic range in Figure 6.6. The éDcn, value of —253%o recorded for Site
1 BH 03/7 is perhaps on the cusp of the biogenic gas source range when compared

with data from the literature.
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Figure 6.6: 13JCCH4 (%0) against 5DCH4 (%o0) derived from Newcastle University compared with Literature Data.
(Biogenic gas sources: landfill gas samples (Bergamaschi and Harris, 1995; Bergamaschi et al., 1998; Kerfoot et al.,
2013; Raco et al., 2014; Widory et al., 2012); thermogenic gas sources: natural gas samples from Sichuan Basin,
China (Dai et al., 2012; Hu et al., 2014), Turpan-Harmi Basin, China (Ni et al., 2014), and California, USA (Kerfoot
et al., 2013))

Site 2 BH 04 and BH 08 indicate "*6C¢p, and éDcy, values outside the biogenic
range despite being perimeter monitoring wells for the landfill. While the *6Cecp,
ratios recorded for BH 04 and 08 (—55.6 and —55.0%o respectively) were not atypical
of biogenic source according to Raco et al. (2014), the dDcp, ratios (—172 and
—173%0 respectively) were outside the biogenic range. These boreholes showed an
enrichment of '3CH, that is more typical of geogenic gas sources. These figures
compared to Dai et al. (2012) who reported a dDcy, range of values between —173
and —155%o for natural gases in the Xujiahe Formation, Sichuan Basin, China. As
residual CH, in landfill gas is expected to be isotopically depleted in *C and D, the
evidence suggests that the gas captured in Site 2 BH 04 and BH 08 is of geogenic

origin or at the very least has a geogenic contribution.
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In the context of the literature data, the mineshaft vent gas samples and North
Sea Gas samples show a depletion in ¥C and D with respect to the natural gas
samples reported by Kerfoot et al. (2013) and Dai et al. (2012). Mineshaft Vent
1 produced a 135CCH4 of —46.2%0 and a 0Dcn, of —214%0 while Mineshaft Vent 2
produced a 13(5CCH4 and a 0Dcy, of —50.5 and —208%o respectively. This compares
with North Sea Gas, which produced a stable isotope signature of —43.5%o0 135CCH4
and —203%o0 0Dc, -

However, for California, USA, Kerfoot et al. (2013) reported a range of stable
isotope ratios between —36.46 and —29.91% 135CCH4, and —197.4 and —193.7%0
0Dcg,. Similarly, for natural gas samples originating from Sichuan Province, China,
Dai et al. (2012) detailed a range of stable isotope ratios between —36.9 and —30.8%o
6Ccu,, and —173 and —155%0 6Dcp,. With respect to these data, the mineshaft
vent samples and North Sea Gas are isotopically depleted in both *C and D. Some
variation is anticipated in natural gas samples depending on the origin of the gas,
the geology, and mixing from external sources. Using both the mineshaft vent gas
samples, North Sea Gas and the literature data, the evidence strongly supports the
conclusion that Site 2 landfill perimeter borehole gas has a geogenic component. It
is interesting to note that Site 2 perimeter borehole gases are isotopically enriched

in D with respect to the mineshaft vent gas samples and North Sea Gas.

Figure 6.7 shows the stable isotope data in the context of a review of stable
isotope data for coal bed CH, published by Golding et al. (2013).

Slightly different from the literature review that was conducted for this research,
all gas samples used by Golding et al. (2013) are derived from natural environments
and none are from anthropogenic environments. Samples procured from the Powder
River Basin, USA, by Bates et al. (2011) indicate a microbial influence on stable
isotope ratios. The presence of active methanogenic communities in coal bed CH,
coupled with fresh nutrient recharge from the Powder River Basin margins have been
hypothesised to encourage microbial growth, specifically favouring CH, generation
via acetate fermentation (Flores et al., 2008). That is the same process occurring in
landfills that produces CH, and CO,.

Confirming what was shown in Figure 6.6, Site 2 Landfill Flare and Landfill Cell
gases along with Site 1 BH 03/4 plot in the ‘acetoclastic reactions’ range. Site 1 BH
03/7 plots on the boundary between ‘mixing’ gases and ‘microbial CH,’. As was
previously shown, Site 2 BH 04 and BH 08 gases are totally different in nature from
landfill gases as they plot in the ‘mixing’ region of Figure 6.7. Mineshaft Vent 1 gas
and North Sea Gas plot in the ‘thermogenic CH,’ region of the plot while Mineshaft

Vent 2 gas lies on the boundary between thermogenic and mixing gases.
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Figure 6.7: 136Ccy , (%o0) against 6Dcp, (%o) derived from Newcastle University compared with Golding et al.
(2013). (Bowen and Surat Basins coal bed and coal mine CH, (Kinnon et al., 2010); gas samples from the Powder
River Basin (Bates et al., 2011; Flores et al., 2008); gas samples from the Antrim and New Albany Shales (Martini
et al., 1998; McIntosh et al., 2002); and gas samples from organic-rich shales of the northern Appalachian Basin
(Osborn and McIntosh, 2010))

While stable isotope ratios go a long way to differentiating the source of ground
gases, it is clearly not the whole picture as there is an overlap in the ratios shown
here. Coupled with radiocarbon dating it would be possible to fully differentiate
gas sources. Owing to the relatively short half-life of **C of 5,730 years, geological
sources of gases are totally depleted in *C by virtue of their great age while modern
biogenic sources contain *C that reflects contemporary atmospheric *C levels (Muir
et al., 2015; Fellner and Rechberger, 2009). Williams and Aitkenhead (1991) were
able to prove the biogenic source of the CH, and CO, from a nearby landfill that
caused the Loscoe explosion in 1986 using radiocarbon dating in conjunction with
stable isotope ratios. In the case of Site 2 landfill perimeter boreholes, this would
provide conclusive evidence for the mixing of landfill gas with coal bed gas from the

underlying strata that the stable isotope ratios indicate.

Another important conclusion to draw is the effective storage time of samples.
Samples were collected in flexifoil sample bags and aliquoted into 12 ml vacutainers
for storage. A period of one month elapsed before analysis at Newcastle University
and a further month elapsed before analysis at UC Davis SIF. There was little vari-
ation between the two data sets despite the time lag between sampling and analysis.
The vacutainers were, therefore, shown to store samples without degradation for at

least two months. This gave further confidence to the accuracy of the data.
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6.5 Refinement of Conceptual Model

Using the data from Chapter 6, it is possible to add a further layer of information to
the Conceptual Model presented in Chapter 5 Figure 5.12. The refined conceptual

model is presented in Figure 6.8.
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Figure 6.8: Refined Conceptual Model Design Incorporating Stable Isotope Data

As has been discussed in this chapter, stable isotope ratios do differentiate gas
sources. Owing to the physiology of landfill microbe communities, 2C is preferen-
tially consumed in acetoclastic reactions. Consequently, residual CH, is isotopically

depleted in the heavier stable isotope 3C. Also, CH, is isotopically depleted in the
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heavier hydrogen isotope, deuterium. Hitchman et al. (1989) proposed the following

as a guideline for gas source:

5Ccu, > —60%0 = Thermogenic Source
135001{4 < —60%0 = Biogenic Source

However, the data presented here from landfill and literature data from biogenic
sources show that often the *§Ccy, value can be —50%o. The maximum *§Ccg, ob-
tained in this research for geogenic gas source was —50.5%q. Likewise, data reported
in the literature rarely show the 136CCH4 ratio exceeding —b5%o. As a slight adjust-
ment to Hitchman et al. (1989), it is proposed that biogenic gas sources will yield
a *0Ccn, < —b5%o while geogenic gas sources will produce a *6Ccn, > —55%o.
The data reported here and data from the literature suggest a general trend for bio-
genic sources to be < —250%0 6Dcn, and geogenic sources to be > —250%0 éDcp, -
Caution should be exercised with these figures as the data also indicate overlap of
stable isotope ratios between gas sources.

The Conceptual Model shown in Figure 6.8 has been adjusted to include the
determination of gas source according to stable isotope ratios. This should be treated
as a guide only. Generally speaking the more negative the 13éCCH4 and the 0Dcg,,
the more isotopically depleted the CH, is in the heavier isotopes *C and D. CH,
derived from biogenic sources such as municipal landfills is depleted in the heavier
isotopes 13C and D by comparison with geogenic gas sources.

However, where stable isotope ratios indicate a mixed gas source as for perimeter
boreholes at Site 2, it may be necessary to perform radiocarbon dating on samples to
conclusively determine gas source. Modern CH, reflects contemporary atmospheric
concentrations of 1*C (currently ~ 104 pMC) while older, geologic sources are com-
pleted depleted in 1*C owing to the relatively short half-life of 1*C (5,730 years). It
is anticipated that in the case of Site 2 landfill perimeter boreholes (BH 04, BH 08
and BH 12), the CH, present in these boreholes would be ~ 0 pMC if a geogenic gas
input from the underlying Coal Measures is present as hypothesised in this chapter.

From a regulation perspective, stable isotopes in conjunction with radiocarbon
dating could be used to determine gas source. While stable isotopes should be
enough to differentiate gas sources in most cases, in the case of Site 2, it was unclear
where the gas source had originated from. For examples such as Site 2, radiocarbon
dating may be needed to fully clarify gas sources. This is particularly pertinent for
regulation, especially in the case of Site 2, as the site owner/regulator would need

to know if they were responsible in the event of a gas leak.



Chapter 7

Gas Transport Mechanics

7.1 Introduction

It is possible to compartmentalise gas transport processes in the environment into
two types: ‘advection’ and ‘diffusion’. Advection refers to transport with the mean
fluid flow while diffusion encompasses transport resulting from random motions of
particles down a concentration gradient. To illustrate these differences, advective
flow can be visualised as dye being emptied into the centre of a river and the centre
of the dye spot being transported by the river. By comparison, diffusion spreads
out the concentrated dye spot to a larger, less concentrated area (Honrath, 1995).
These mechanisms can equally be applied to gas transport in the environment.
An important research question is to determine which, if any, is the dominant gas
transport mechanism in the unsaturated zone.

An important tool for interpreting gas transport in the sub-surface is Fick’s Law
of Diffusion which is defined by Crank (1979) in Equation 7.1 as:

dc
J= —D% (7.1)

Where:
J = Flux density (rate of transfer per unit area of section, e.g. mol/cm?/s)
D = Diffusion Coefficient (cm?/s)
dC = Change in concentration (mol)

dz = Change in position (cm)

Commonly, Fick’s Law is applied to the calculation of diffusion in liquids. It
is equally as applicable to the calculation of diffusion in the gas phase. Using an
effective diffusion coefficient for the medium through which gas is being transported,

rearranging Fick’s Law according to Crank (1979) for gases produces Equation 7.2:
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E = A(Csource — Cyo) DT/ L (7.2)

Where:

E = Rate of mass transfer due to diffusion (g/s).

A = Cross-sectional area through which migration occurs (cm?).

Csource = Concentration of gas being considered at source (g/cm?).

C, = Concentration of gas being considered at limit of migration (g/cm?).
D = Effective diffusion coefficient in the medium being considered (cm?/s).

L = Distance over which migration occurs (cm).

This provides a useful basis on which to model CH, and CO, transport in the
unsaturated zone. Using a controlled environment in the laboratory, it is possible
to examine whether flow is caused by diffusion, advection or a combination of both.

However, there are some limitations associated with modelling gas transport in
this manner. Gas diffusion coefficients vary according to the type of porous medium
and the degree of saturation (Hooker and Bannon, 1993). Fick’s Law assumes
that isobaric conditions are prevalent (i.e. that there is a constant reservoir of
gas), there is no pressure driven flow, relatively low concentration of gas and high
soil permeability (Wilson et al., 2009). Additionally, it is assumed that diffusion
only occurs in one direction, diffusion coefficient is constant (although it varies
with concentration and temperature) and it excludes the effect of Knudsen diffusion
(where the scale length of a system is comparable to or smaller than the mean free
path, i.e. tortuosity) and non-equimolar diffusion.

This chapter presents the results of a pilot study of gas transport mechanics in
the unsaturated zone through the application of Fick’s Law. Diffusion was modelled
using Fick’s Law and is compared with data that was generated using an experimen-
tal set up. The apparatus used to test gas diffusion comprised a 3 m high ‘artificial
borehole’ that was analogous to gas monitoring boreholes in the field. Tests were

carried out with and without the presence of resistance in the form of Leighton
Buzzard Sand.

7.2 Modelled Data

The diffusion of CH, and CO, was modelled in accordance with Fick’s Law adjusted

for a finite reservoir according to Crank (1979) in Equation 7.3:

¢ 1

L
50 T2 (6rf62\/Deff . t) (7.3)
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Where:

C/Cy = Concentration Change

L = Distance over which migration occurs (m)

D = Effective diffusion coefficient in the medium being considered (cm?/s)
t = time (s)

erfc = complementary error function

The value yielded from the ratio in parentheses for a specific time was subjected
to the complementary error function (erfc) to yield a value for C/Cy. The C/Cy
values were plotted against distance (m) using a logarithmic scale. In order to model
CH, and CO, diffusion the effective diffusion coefficient (D) in air was applied.
The D% used were 0.1952 cm?/s and 0.1381 cm?/s for CH, and CO, respectively
in accordance with modelled values reported by Massman (1998). The lighter and

smaller CH, molecule yielded a larger D and therefore a quicker diffusion rate.

Under sealed test conditions a maximum pressure of 50 mbar was attained in
the apparatus. Gas was confined to a fixed volume assuming no leaks. Furthermore,
Fick’s Law assumes steady state conditions. Gas flux across a concentration gradient
is from regions of high concentration to regions of low concentration. However, in an
unconsolidated medium such as sand, no matter how homogenised, there is potential
for preferential pathways to exist. This could mean that flow was not uniform across

the apparatus.

Another assumption is the absence of interaction between species for gas mix-
tures. For a CH,/CO, gas mixture, such as those emanating from landfill sites, it
was assumed that the two gases do not interact with each other or with the air.
Additionally, it must be assumed that gases do not separate and stratify in the gas
column. If the medium through which gases were to be transported was saturated
with water, there would be a ‘scrubbing’ of CO, from the system which would have
to be taken into account. It was assumed that the sand used was dry and contained
residual moisture only. Moisture testing revealed a residual mositure content of 0.6%
(Appendix Table L.2). Saturation of the test medium was outside the scope of the

experimentation presented here.

Gas diffusion was modelled using gas diffusion coefficients in air for CH, and
CO,. If gas transport was determined to be by diffusive flow it would be anticipated
that once the apparatus was filled with sand, gas flow would be impeded. This would
result in a slowing of the rate of diffusion through the gas column. In practice, this
would be observed as a longer time taken for gas to appear at the top of the gas

column.
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7.2.1 Combined CO, and CH, Diffusion Model

The modelled data for CO, and CH, diffusion in air are presented in Figure 7.1

(where ‘@’ is distance from source).
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Figure 7.1: Modelled CO, and CH, Diffusion in Air

The modelled data between t = 72 hr (3 days) and t = 168 hr (1 week) show little
change in the diffusion curve. Therefore, it was determined that one week would be
sufficient time required for an individual experiment. For a given distance and time,
a greater proportion of CH, than CO, will diffuse. This observation aligns with
the larger diffusion coefficient of CH, compared with CO,. The lower molecular
mass (16.04 g/mol) and density (0.71 kg/m? at ATP) of CH, compared with CO,
(molecular mass 44.01 g/mol and density 1.98 kg/m? at ATP), means that the CH,

molecule is more buoyant than the CO, molecule.
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7.3 Methodology

7.3.1 Apparatus

In order to simulate conditions in the field, a ‘artificial borehole’ was constructed to
test gas transport mechanics. Figure 7.2 shows the apparatus structure. Full details

of the borehole design and construction are included in Appendix H.

Figure 7.2: ‘Artificial Borehole’ Apparatus

The apparatus may be separated into three distinct components: the gas injec-
tion reservoir, the outer column (annulus), and inner column (core). The gas in-
jection reservoir and outer column were constructed from polyvinyl chloride (PVC)
while the inner column was a 50 mm external diameter slotted standpipe covered
in a geotextile membrane. Three 1 m sections of standpipe were used to give a 3 m
high pipe that determined the overall height of the experimental rig.

The PVC gas injection reservoir external dimensions were 665 x 425 x 335 mm
while the internal dimensions were 605 x 370 x 280 mm to give a capacity of 62.7

1. It was equipped with two gas inlet valves (also made from PVC) and a gas bleed
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valve (also PVC). Two lids were made in order to access the reservoir to add sand
to the reservoir. While not in use these lids were sealed with silicone to produce an
air-tight seal.

Mounted in the centre of the reservoir, the external PVC pipe had a total height
of 3,000 mm with 12 mm thick walls. The external diameter of the pipe was 300
mm while the internal diameter was 276 mm. The lower-most 330 mm of the pipe
sitting within the reservoir had 10 mm slots, 10 mm apart cut into it to allow the
movement of gas from the reservoir into the annulus of the borehole. The outer pipe
was fitted with a 276 mm diameter PVC lid with a 50 mm diameter hole in the
centre to allow the top of the internal standpipe to pass through. This lid also had
an air-tight silicone seal.

The external pipe was equipped with sample ports that extended 62.5 mm into
the annulus of the apparatus. The sample ports were threaded and constructed from
PVC. A geotextile membrane covered the internal end of the sample ports to prevent
sand encroachment. The external ends were fitted with rubber septa and sealed onto
the end of the spigots with brass swagelok nuts. Spaced 125 mm apart, there were 19
sample ports up one side of the external pipe. The total distance between Sample
Port 1 (bottom) and Sample Port 19 (top) was 2,250 mm. Additionally, on the
off-side of the external pipe there were three auxiliary sample ports (A, B and C)
located at the bottom, mid-point and top of the external pipe.

Located in the centre of the external pipe was a 3 m length of 50 mm exter-
nal diameter slotted standpipe covered in geotextile membrane as typically used in
borehole construction. The top of the standpipe was fitted with a valved rubber
bung. Initially it had been intended to use three piezometer tubes to measure the
internal gas concentration of the standpipe at the bottom, mid-point and top using
a GFM435 landfill gas monitor. However, a single-valved rubber bung was used
instead. The purpose of this valve was to enable the experimental rig to be purged
following the conclusion of an experiment.

Once the annulus and reservoir had been filled with sand, a preferential pathway
existed through the core of the apparatus. To mitigate against this, an industrial
blank inflatable pipe stopper (supplied by Allpipe Stoppers & Ground Equipment,
Healey & Lord Ltd, Norwich) was deployed inside the standpipe as a lateral packer.
This rendered the use of the piezometer tubes in the core of the apparatus an
impossibility. The empty capacity of the entire rig was ~ 214 1, 62.7 1 in the reservoir
and ~ 151 1 in the column (above the reservoir). The borehole core volume was 5.42
1 while the borehole annulus volume was 166 1. Figure 7.3 shows a scale schematic

of the apparatus.
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7.3.2 Gas Injection Process

Using a manometer, pressure testing of the rig determined that the maximum pres-
sure that could be received by the apparatus without leaks was 50 mbar. This value
far exceeded the differential pressures commonly encountered in the field (typically

< 15 mbar during deep depression weather systems). Figure 7.4 shows the gas

injection port.

Figure 7.4: Experimental Borehole Injection Port Detail

A pressurised gas canister was attached to the tap via a tube. The injection
port tap was opened and the gas canister valve opened. Gas entered the borehole
reservoir via the large tubing in Figure 7.4 which was securely attached to the two
reservoir inlets. This allowed a more even distribution of gas throughout the reservoir
initially. Checking the apparatus using a manometer, the reservoir was allowed to
charge with gas until the pressure had reached 50 mbar (approximately 20 minutes
to full pressure). Once maximum pressure had been attained, the injection port tap
was switched off and the pressurised gas canister valve was closed.

Following the conclusion of an experiment, the borehole was purged of the test
gas(es) over a 3 to 4 hour period. This was achieved by attaching the gas injection
port to a pressurised air line and opening the valve on the bung on the top of the 50
mm internal pipe. To determine that all gases had been removed from the apparatus,
it was regularly tested with a GFM435 landfill gas monitor. Gas concentrations were
tested at the top of the experimental rig and in the reservoir via the bleed port (to
atmosphere). Once both locations recorded three consecutive readings of 0% CH,

and CO,, and 20.9% O,, the apparatus purge was complete.
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7.3.3 Sampling Regime

Preliminary experiments determined which sample ports needed to be targeted dur-
ing each sampling session and an idealised sampling regime (assuming infinite con-

sumables) is summarised in Table 7.1.

Sample Time (hr)

Port 0 1 2 3 4 5 6 9 12 24 168
1 . . . . . . ] . ] . .
2 . . ° . . °
3 ° ° ° ° ° °
4 . . . . . . . . . .
5 . . °
6 ° . ° .

7 ° ° ° ° ° °
8 . . ° .

9
10 . . . ° . . ° ° . ° °
11
12 . .
13 . .
14 . °
15
16 ] . .
17
18
19 . . . . . . . . . ) .

Table 7.1: Artificial Borehole Idealised Sampling Regime

Samples were extracted from the experimental rig through the sample ports
using a 10 ml syringe. Samples were subsequently transferred to 12 ml exetainers
for storage prior to analysis by GC-MS. Sampling took place on an hourly basis from
t = 0 — 6 hr and subsequently at t = 9 hr, t = 12 hr, t = 24 hr and t = 168 hr (1
week). During each sampling session a maximum of 8 sample ports were targeted to
identify the gas interface up the gas column. This equated to a maximum of 10 min
required to complete sampling. For reference, a complete sampling of all 19 ports

and the 3 auxiliary ports took approximately 30 minutes.

Additional Measurements

At the point of sampling each sample port, the internal pressure of the experimental
rig was measured using a manometer. It was vital to determine changes in pressure
throughout each experiment as the apparatus would be subject to changes in atmo-
spheric pressure, potential gas leaks, and gas extraction of samples. Assuming the

experimental rig was completely air-tight, changes in atmospheric pressure would
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potentially lower or increase the internal pressure of the apparatus (as observed in
the field). Falling atmospheric pressure would equate to an increase in internal pres-
sure. Indeed, when the apparatus was pressure tested during a fall in atmospheric
pressure, a positive internal pressure in the experimental rig was induced. This was
the same observation as for field conditions. In addition to external changes in at-
mospheric pressure, gas leaks and gas extractions would result in a lowering of the
internal pressure of the apparatus.

In order to ensure that a temperature gradient was not affecting the transport
of gas in the apparatus, the external temperature was measured at the gas injection
reservoir, the bottom, mid-point and top of the column using pre-calibrated thermo-
couples. The thermocouples were calibrated at 75°C and 0°C, and were programmed

to log temperature every 10 minutes for 1 week.

7.3.4 Sample Analysis

To determine the concentration of gases contained in the 12 ml exetainers, the sam-
ples were analysed by GC-MS. The analysis of CH, and CO, gases was performed
on a Fisons 8060 GC using split injection (150°C) linked to a Fisons MD800 MS
(electron voltage 70 eV, filament current 4 A, source current 800 pA, source temper-
ature 200°C, multiplier voltage 500 V, interface temperature 150°C). The acquisition
was controlled by a Compaq Deskpro computer using Xcalibur software; in full scan
mode (1-150 amu/scdwell 10 ms/amu) or in SIM mode 10 ions (dwell 100 ms/ion)
for greater sensitivity. The headspace sample (100 pl) was injected in split mode
and the GC programme and MS data acquisition commenced. Separation was per-
formed on a HP-PLOT-Q capillary column (30 m x 0.32 mm i.d.) packed with 20
pm (Q phase. The GC was held isothermally at 35°C with He as the carrier gas
(flow 1 ml/min, pressure 65 kPa, split at 100 ml/min. The chromatograms of the
separated gases (CH,, CO,, N,O etc) were integrated and quantified. The acquired

data was stored on DVD for any further data processing, integration and printing.
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7.4 Results

The concepts of diffusion and advection are demonstrated in Figure 7.5.
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Figure 7.5: Conceptual Model of Diffusion and Advection Curves

Diffusion may be viewed as a gradual dispersal of gas concentration from source
to terminal distance in the column. Overtime the curve moves away from source
until the entire column achieves a uniform concentration less than that of the initial
gas source. Conversely, advection may be viewed as a front gradually moving up the
column away from the gas source. However, care must be taken as the experimental
rig has a finite capacity. A small percentage of reflective diffusion may be observed
once the gas has reached the top surface of the apparatus assuming there were no

leaks.
A summary of the experimental results presented in this chapter is as follows:

e Empty Artificial Borehole
- 20% CO, / 10% CH,

— 40% CO, / 60% CH,
e Leighton Buzzard Sand-Filled Artificial Borehole

~ 100% CO,
— 40% CO, / 60% CH,
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7.4.1 Empty Artificial Borehole Data

100% CO, Experiment

Welding gas (100% CO,, (see Appendix Figure L.22 for GC-MS output)) was slowly
injected into the artificial borehole reservoir over a 20 minute period. Sampling of
the borehole sample ports occurred at t = 0, 1 hr; 2 hr, 3 hr, 4 hr, 5 hr, 6 hr, 24 hr
and 168 hr. Samples were analysed by GC-MS to produce concentration curves for
the specific sampling times. The results of the GC-MS analysis are shown in Figure

7.6. All standard error calculations are shown in Appendix Tables L..3 and L.4.
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Figure 7.6: Concentration Curve for 100% CO, in Empty Artificial Borehole

The data produced for 100% CO, in the empty artificial borehole indicate dif-
fusion of CO, in the apparatus. There was no evidence of advection as there was
no frontal system observed in the data. This was not unexpected as the apparatus
was empty and with no medium offering any resistance or impedance to gas flow.
Uniform concentration ~ 5.0% CO, was achieved after 1 week. This satisfied the

mass balance calculation for initial CO, concentration injected at t = 0.
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Little change was observed between t = 24 hr and t = 168 hr, indicating that
diffusion primarily took place over a 24 hour period. At t = 0, negligible CO, was
recorded at the bottom, mid-point and top of the column (0.154% — 0.0772% CO,).
Between t = 1 and 6 hr, the concentration of CO, peaked at ~ 6% at the bottom of
the artificial borehole (215 mm from the reservoir). At the mid-point of the artificial
borehole (sample port 10, 1,340 m from source), CO, concentration ranged between
0.1% and 0.6%. Likewise, at the top of the artificial borehole (sample port 19, 2,465
mm from source), CO, concentration ranged from 0.1% to 0.6%. This suggests that

although the rate of diffusion was slow, the bulk transport of gas occured between

6 and 24 hours in the empty apparatus.
The measured C/C .y Was compared against the modelled C/Cy for t = 2 hr,

t =4 hr and t = 24 hr as shown in Figure 7.7.
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Figure 7.7: Measured C/Cmax Comparison with Modelled C/Cyq for t = 2 hr, t = 4 hr and t = 24 hr during 100%

CO, in Empty Artificial Borehole Experiment

For t = 2 hr and t = 4 hr, the measured C/C,,x matched the modelled C/Cy
quite well. The slight deviation in the curves was an artefact of the lack of available
sample port into the gas reservoir at the bottom of the apparatus. With increasing
distance from source, the measured C/C . mapped directly onto the modelled
C/Cy. This indicated that the observed transport curves were driven by diffusion
as predicted by the diffusion model. The concentration curve for t = 24 hr deviated
significantly from the predicted C/Cy. A refinement to the model would need to be

made to compensate for a confined region such as the artificial borehole apparatus.
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20% CO, / 10% CH, Experiment

A calibration gas standard containing 20% CO, and 10% CH4 (balance N,) was
subsequently tested. The results from the GC-MS analysis are shown in Figure 7.8.
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Figure 7.8: Concentration Curves for 20% CO, / 10% CH, Gas Mixture in Empty Artificial Borehole

As for 100% CO,, concentration curves were yielded for a gas mixture comprising
20% CO, and 10% CH4. Owing to the weaker initial concentration of the gases,
mixing with air had almost reached completion after 5 hours. This may indicate
that the rate of transport is dependent on initial concentration of gas at source. The
data also corroborated the initial statement that there was no interaction between
the gases. In the absence of any catalyst to initiate oxidation of CH,, this result

was not unexpected. Furthermore the data also confirm that a mixture of CH, and
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CO, does not stratify in the gas column as a consequence of the greater density of
CO,.
Figure 7.9 shows the measured C/C\,.x compared with the modelled C/C| for

this experiment.
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Figure 7.9: Measured C/Cmax Comparison with Modelled C/Cy for t = 2 hr, t = 4 hr and t = 24 hr during 20%
CO, / 10% CH, in Empty Artificial Borehole Experiment

The data presented in Figure 7.9 indicate that initial concentration of gas is
an important controlling factor when contrasted with the data presented in Figure
7.7. While the CO, and CH, C/C.x curves are the same general shape as the
modelled C/Cy curves, indicating that diffusion had occurred, the higher distances
from source deviated from the modelled C/Cy curves at t = 2 hr and t = 4 hr.
The same observation was noted for 100% CO, at t = 24 hr as shown in Figure 7.7.
The weaker initial concentration of CO, and CH, would account for this observation
occurring in a shorter time period after t = 0. At t = 24 hr, both CO, and CH,
measured C/Cy are ~ 0.5 indicating a uniform gas concentration of both gases
throughout the column.

It may be noted that CH, attained a more uniform concentration throughout
the column in a shorter time period than CO,. At t = 5 hr, the concentration
of CO, was 0.786%, 0.479% and 0.474% at a distance of 215 mm, 1,340 mm and
2,465 mm from the reservoir respectively. This compared with CH, which recorded
concentrations of 0.390%, 0.262% and 0.266% at distances of 215 mm, 1,340 mm
and 2,465 mm from the reservoir respectively. The difference in concentration of
CH, and CO, at the bottom of the rig compared with the top of the rig at t = 5
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hr was 0.124% and 0.312% respectively. Consequently, the starting ratio of 0.5 CH,

/ CO, increased to 0.56 at 2,465 mm from source at t = 5 hr. However, a more

meaningful comparison of the rate of diffusion for a mixture of CH, and CO, would

be acquired from a 1:1 gas mixture.

40% CO, / 60% CH, Experiment

For comparison the results from a gas mixture containing 60% CH, / 40% CO,, are

shown in Figure 7.10.
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Figure 7.10: Concentration Curve for 40% CO,, / 60% CH, Gas Mixture in Empty Artificial Borehole

From t = 1 hr both CH, and CO, reached their terminal concentrations of ~

2.5% and ~ 1.5% respectively. Equilibrium conditions were achieved in a short

space of time as a result of the rate of the initial gas injection. A slow injection

building the internal pressure of the experimental rig gradually over 20 minutes was

not achieved. The injection took place over 5 minutes. This likely induced a large

pressure gradient that caused CH, and CO, to advect in less than an hour.
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It should be noted that there was a slight problem with the GC-MS analysis of
samples. Between t = 0 and t = 6 hr, the ratio of CH, / CO, was 1.67, which was
greater than expected for a 60:40 mixture. For t = 9 hr to t = 24 hr (a separate
GC-MS run) the ratio between the gases had reduced to 1.25. This was most likely
due to a calibration error. A repeat analysis of these samples would be required to
check the calibration of the GC-MS to ensure the reliability of the data.

In this experiment, a leak in the artificial borehole occurred at sample ports 10
and 19 (1,340 mm and 2,465 mm from source) which may have affected the dif-
ferential pressure and may have induced a flow which could also account for the
uniformity of the data. (See Appendix Figure L.6 for artificial borehole perfor-
mance.) It is interesting to note that the diffusion curves obtained for t = 12 hr
and t = 24 hr have a kink in them at 1,340 mm and 2,465 mm from source (i.e.
where the experimental rig was leaking and losing pressure). This may represent an

advective element of gas transport.

7.4.2 Artificial Borehole Filled with Leighton Buzzard Sand
Data

100% CO, Experiment

For comparison, 100% CO, and the 60% CH, / 40% CO, gas mixture were indi-
vidually tested in the artificial borehole filled with Leighton Buzzard Sand. The
specification of the Leighton Buzzard Sand may be found in Appendix Figure L.18,
and Tables L.1 and L.2. The particle size distribution showed that the sand was
very well sorted while moisture testing revealed a residual moisture of 0.6%. For
the purpose of the investigation presented here, the sand was assumed to be dry.
The choice of Leighton Buzzard Sand was designed to mimic the unconsolidated
Quaternary deposits in which the Research Site 1 municipal landfill was constructed
and the sand lenses that serve as gas transport corridors at Research Site 2. The
experimental rig was filled with 209 [ of sand. Assuming the mass of 1 [ of sand
was 1.5 kg, the total mass of sand contained in the apparatus was 313.5 kg. A void
of 61 | was assumed to be the unfilled reservoir at the bottom of the apparatus. It

was not thought that this would affect the results of the experiment.
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The results of 100% CO, in the sand-filled artificial borehole are illustrated and

compared against 100% CO, in the empty artificial borehole data in Figure 7.11.
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Figure 7.11: Diffusion Curve for 100% CO, in Artificial Borehole filled with Leighton Buzzard Sand

As for the 100% CO,, experiment conducted in the empty artificial borehole, the

repeated experiment in the sand-filled apparatus also produced diffusion curves. A

greater concentration of CO, was yielded in the lower portion of the experimental

rig when it was empty than when it was filled with Leighton Buzzard Sand. That

is

, a greater concentration of CO, diffused a given distance in a given time. For

example, at t = 1 hr, the concentration of CO, at 465 mm from the reservoir was

0.

245% in the sand-filled borehole while it was 0.920% in the empty borehole. The
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concentration of CO, at 465 mm was 3.75 times stronger in the empty borehole than
in the sand-filled borehole.

An outlier was yielded for t = 3 hr at a distance of 465 mm from the gas
reservoir. This would most likely be attributed to a sampling error or a leaky
exetainer. Therefore, no direct comparison may be made between the two data
sets for this specific point of measurement. However, it is possible to compare t
= 3 hr for 715 mm from the gas source. In the empty artificial borehole, a CO,
concentration of 1.34% was recorded, while at the same moment in time for the
sand-filled artificial borehole, a concentration of 0.392% CO, was produced. This
amounted to a difference of 3.41% for the two data sets at this point. This amounted

to a similar value as was mentioned for t = 1 hr at 465 mm from gas source.

A repeat sampling for t = 12 hr would be required for the lower distances from
gas source as there is currently a ‘kink’ in the curve. A greater number of sample
ports sampled lower down the column would fully resolve the transport curve for

this moment in time.

Perhaps the most stark contrast in diffusion curves between the empty artificial
borehole and the sand-filled artificial borehole was produced at t = 24 hr. Where the
empty artificial borehole produced a near homogenised CO, concentration through-
out the length of the column, the sand-filled artificial borehole showed a larger range
of CO, concentration. In the empty artificial borehole at t = 24 hr, the maximum
CO, concentration was 4.31% at 215 mm from gas source and decreased to 3.26%
at 2,465 mm from gas source. This was a CO, range of 1.05%. By comparison,
the sand-filled artificial borehole at t = 24 hr, produced a 4.68% CO,, concentration
at 215 mm from gas source and a 0.267% CO, concentration at 2,465 mm from
gas source (a range of 4.41%). Undoubtedly further testing would be required to

determine the exact resistance that Leighton Buzzard Sand causes to gas transport.

Figure 7.12 shows the measured C/C .,y for the 100% CO, in sand-filled borehole
experiment compared against the measured C/C . for the 100% CO, in empty
borehole experiment and modelled C/Cy. When compared against the C/C'\ax for
the 100% CO, in empty borehole experiment and the modelled C/Cy, the C/C pax
for the sand-filled borehole experiment consistently underestimated the modelled
and empty borehole experimental data. The overall shape of the curve suggested
that diffusion was still the driving transport mechanism. A slower diffusion profile
was produced from the impedance presented by the sand. An increase in tortuosity
in diffusion path of CO, molecules resulted from the sand grain matrix. This would
have produced the underestimate compared with the modelled data. At t = 24 hr,
a big deviation between the C/C,.x empty borehole curve and C/C,.x sand-filled
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borehole curve was observed. Where the C/C\,.x empty borehole curve implied
a near-uniform concentration of CO, throughout the borehole at t = 24 hr, the

C/C max sand-filled borehole curve demonstrated a much slower diffusion rate.
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Figure 7.12: Measured C/Cmax for 100% CO, in Sand-Filled and Empty Borehole Experiments Compared against

Modelled C/Cq for t = 2 hr, t = 6 hr and t = 24 hr

40% CO, / 60% CH, Experiment
Figure 7.13 shows the results of 40% CO, / 60% CH, diffusion in Leighton Buzzard

Sand-filled artificial borehole. No direct comparison may be made with the diffusion
profiles acquired from the empty apparatus for previously mentioned reasons. These
data provide an interesting interpretation challenge.

Although in the lower half of the apparatus, CH, concentration exceeded CO,
concentration, CO, was recorded at 2,465 mm from source ahead of CH,. CH, was
only first recorded at 2,465 mm at t = 9 hr. This contravened the expected modelled
outcome according to Figure 7.1. Removal of CH, from the system may have been
occurring. If; for example, the sand was not pristine, there would be potential for
microbes to exist and consume CH,. However, aerobic conditions existed in the
apparatus, ruling out the possibility of anaerobic digestion of CH, by microbes.
Further analysis of the Leighton Buzzard Sand to determine the presence of micro-
biological cultures may be required to rule out decomposition. An alternative to

microbial degradation of CH, could be a reaction between CO, and iron(III) oxide
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Figure 7.13: Diffusion Curve for 40% CO, / 60% CH, Gas Mixture in Artificial Borehole filled with Leighton

Buzzard Sand

(Fe,O4) that coats the Leighton Buzzard Sand grains. It is the Fe,O4 that gives
the sand its distinctive red colour. A simple experiment passing CO, at constant
pressure through a sample of Leighton Buzzard Sand could determine if a reaction
occurs by observing a colour change (i.e. Fe(III) (red) reduced to Fe(II) (green)).
Further evidence of this possibility is due to the fact the CH, transport curve
is kinked from t = 3 hr onwards. This resulted in the ratio of CH,:CO, deviating
away from the initial 1.5 that was injected into the reservoir. For example, the ratio
of CH, / CO, at t = 3 hr, at 465 mm distant from gas source was 3.8, while at t
= 6 hr, 840 mm distant from gas source, the CH, / CO, ratio was 5.3. If the CH,

was being degraded, a decrease in CH, concentration would be anticipated with a
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corresponding reduction in CH, / CO, ratio. The reverse was observed. Therefore
it was thought to be highly unlikely that this process was occurring.

Other reasons why the CH, diffusion curve may have been kinked were postu-
lated. Firstly, the kink may be a result of compaction of sand in the lower apparatus
resulting from the weight of material above. However, the position of the kink in
the curve was not uniform and varied over time, so this may also be an unlikely
explanation. Furthermore, if compaction were a factor, the CO, diffusion curve
would be expected to exhibit the same behaviour. There was no evidence of the
CO, diffusion curve kinking until t = 24 hr. A further and more likely reason could
be the result of a calibration error in the GC-MS instrument or drift in ion response
over the course of the analyses.

Perhaps the most viable explanation for the observed data pattern could be that
a mixture of diffusion and advection had taken place. The kink in the concentration
curve may represent an element of advection in the transport of CH,. This would also
account for the 9 hr time lag observed for the first occurrence of CH, at 2,465 mm
relative to CO,. If this theory is true then it could be argued that an element of a gas
frontal system exists. However, if transport of gases was exclusively resulting from
advective flow, the ratio of CH, / CO, would have remained consistent throughout
the experiment. The fact that the ratio of CH, / CO, fluctuated over time more
strongly supports the argument for diffusive flow of gases. It would be a useful
exercise to repeat this particular experiment to see if the data are reproducible and
test their robustness.

Figure 7.14 compares the measured C/C .y against C/C for CO, and CH,. The
modelled C/C poorly predicted the measured C/C\x throughout the experiment.
The shape of the C/C,.x curves consistently did not match the modelled diffusion
curves. This implied that diffusion was not the dominant transport mechanism for

this experiment.
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Figure 7.14: Measured C/Cax for CO, and CH, during 40% CO, / 60% CH, in Sand-Filled Borehole Experiment
Compared against Modelled C/Cg for t =1 hr, t = 6 hr and t = 24 hr



CHAPTER 7. GAS TRANSPORT MECHANICS 165

7.5 Discussion and Development of Conceptual

Model

Gas transport was tested in an experimental rig in air as a reference and in Leighton
Buzzard Sand as an analogue for unconsolidated Quaternary Deposits such as those
encountered at research Sites 1 and 2. The motivation for designing and construct-
ing a large-scale experiment was to test the mechanism of gas transport in the
near-surface unsaturated zone. It was important that the conceptual model design
could predict lateral transport (and the rate of lateral transport). Field evidence
of diffusive transport was observed at Site 3 for monitoring wells GM5 and GM14
as discussed in Chapter 4 and shown in Figure 4.10. The observed pattern was
hypothesised to be as a result of diffusion of CO, up the gas column or stratification
of CO, owing to its low buoyancy.

The data reported here suggest that in a closed system in air and in unconsol-
idated (sorted) material, the transport of CH, and CO, is primarily by diffusive
transport. A refinement was made to the conceptual model by showing diffusion
(dashed) arrows through the Quaternary Deposits. No conclusions could be drawn
about the mechanism of gas transport in the Permo-Triassic bedrock or the Car-
boniferous bedrock and so these arrows remain unchanged in the conceptual model.
However, these data must be treated as preliminary only and further testing would
be required to confirm, dispel or refine the theories reported here.

The data appeared to support historic gas monitoring data from Research Site
3. Site 3, located in the London Basin, has a geology comprising 55.8 m of Upper
Chalk and 69.2 m of Middle Chalk dating from the Cretaceous Period. Chalk has
dual porosity derived from its own matrix and secondarily through fractures. It is
a good aquifer and may transport gas as well as groundwater. Boreholes GM 5 and
GM 14 (a closed system) at Site 3 showed an increase in CO, concentration with
increasing depth from surface (Chapter 4 Figure 4.10).

Assuming no dissolution of CO, in groundwater, the historic gas monitoring data
for these boreholes appear to show a gradient of CO, concentration from strong
concentration at depth to weak concentration near the ground surface. It could be
argued that this indicated a diffusion of CO, from the landfill through the Chalk. It
would be a useful exercise to conduct a time-series analysis on these boreholes fol-
lowing a pumping of CO, into the ground gas regime (i.e. during falling atmospheric
pressure) to produce a changing diffusion profile over time.

A refinement of the conceptual model design based on the findings of the gas

transport mechanics data is shown in Figure 7.15.
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Figure 7.15: Refined Conceptual Model Design Incorporating Gas Transport Mechanics

Contrary to the data illustrated in this chapter, in an open system Gebert and
Grongroft (2006) asserted that gas transport was conveyed by advection in a study
of the operation of methane-oxidising biofilters on German landfill sites and the
influence of barometric pressure. Gebert and Grongroft (2006) determined that
diffusive flow of ground gas was a highly inefficient transport mechanism and that
advection was more efficient in response to changes in atmospheric pressure. They
also observed that gas emission was sensitive to atmospheric pressure changes as low
as 1 mbar. This observation is not dissimilar to the findings of the high temporal

frequency data discussed in Chapter 5 (e.g. Figure 5.4).
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While the data reported in this chapter indicated that diffusion is a quick pro-
cess, advective mixing may subsequently take over. In the exchange of ground gases
from the geosphere to the atmosphere, diffusion may be less important than ad-
vection. Figure 7.16 shows a diffusion conceptual model for a closed system. The
unconsolidated deposits provide a porous medium for gas transport. In this concep-
tual model, the unconsolidated layer is confined by an impermeable layer (e.g. clay)
that isolates the system from atmospheric pressure change. Consequently, diffusion
of ground gases is more likely to be the dominant transport mechanism. Diffusion
is assumed to be random. Dashed arrows in Figure 7.16 indicate diffusive flow.
The data from this chapter indicated that by this process, the ratio of CH, / CO,

increases owing to the greater buoyancy of CH,.
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Figure 7.16: Diffusion Conceptual Model

Figure 7.17 presents an alternative conceptual model of ground gas dynamics.
It indicates a gas concentration frontal system driven by advection which in turn is

responsive to changes in atmospheric pressure.
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Figure 7.17: Advection Conceptual Model with Contours Indicating Relative Gas Concentration
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A wuseful feature of a large-scale experiment such as this is that there is great
potential for further work with increasing layers of complexity. Further research

questions arising from this chapter and suggestions for future work are as follows:
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e Add a sample port to the gas reservoir at the bottom of the artificial bore-

hole. There was a need to measure Cy in the experiments. If Cy could be
measured accurately, it would be possible to conduct a direct comparison of
the experimental data with the modelled data;

Refine the modelled data for diffusion of a substance initially confined in the
region —h < x < +h. The integration is from x — h to x + h instead of from
z to oo as demonstrated in this chapter. According to Crank (1979), this

produces the solution shown in Equation 7.4:

1 h—x h+x
C==-Cpyser +er 74
2 O{ Loy Y5 Deff.t} (74)

Model and measure gas transport by advective flow using Darcy’s Law as

shown in Equation 7.5 (McBean et al., 1995):

dh

q = _Kg% (7.5)

Where:

q = specific discharge of macroscopic velocity of gas (m/s).

K, = conductivity (m/s).

h = piezometer height.

2 = length in the direction of flow (m).

Model and measure gas transport using a combined advection/diffusion model.
A likely scenario is that both transport processes occur simultaneously. A
typical approach noted by McBean et al. (1995) is to combine Darcy’s Law

with a mass conservation equation as shown in Equation 7.6:

oC P (DC)  aC

Where:
C' = gas concentration (mole fraction/m?).
= time (s).
D = dispersion coefficient m?/s.
= = length in the direction of flow (m).
v = macroscopic velocity of flow (m/s).
S = source, sink, or decay constant.
Determine the effect of the initial starting pressure on the rate of diffusion of
CH, and CO, in the gas column;
Determine the effect of the initial starting concentration of ground gases on

the rate of diffusion;
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e Determine the effect of different media on the rate of gas diffusion. For exam-
ple, it would be useful to test CH, and CO, diffusion in finer-grained sands,
less sorted sands and coarser-grained sands;

e Determine the effect of the rate of gas diffusion for multi-layered different
media (i.e. increasingly complex unconsolidated strata layers);

e Determine the effect of the degree of saturation on the diffusion of gases in the
near-surface environment. What is the critical saturation where the maximum
concentration of CO, is ‘scrubbed’ from the system (dissolved in solution) is
achieved;

e Determine the effect of a temperature gradient have on the rate of CH, and
CO, diffusion in the gas column;

e Determine the effect of natural microbial colonies on CH, and CO, diffusion
in the gas column, and;

e For a given strata, is it possible to predict the rate of lateral transport of
ground gases away from source (such as a municipal landfill), the maximum

distance of transport and the likely terminal concentration by diffusion models.

In this context, the experimental apparatus and methodology present a promising
tool for investigating gas transport mechanics in the near-surface environment. The
data provide a useful pilot study and show that the experimental apparatus and
general methodology perform as anticipated. A preliminary conceptualisation of
gas transport has been started. Modelling of CO, diffusion in air was successful.
On addition of an impedance to gas flow, the rate of mass transport was reduced
due to an increase in tortuosity in molecule transport path. Consequently, on a
larger scale, advection may be more important than diffusive flow. Further research
as noted above may be conducted to build on the initial findings and concepts

demonstrated in the data.



Chapter 8

Discussion and Conceptual Model

8.1 Context of the Research in the Literature

Gas Monitoring Data

The high temporal frequency gas monitoring data identified the same groupings of
gas compositions demonstrated by the ternary diagrams produced from the historic
gas monitoring data (Chapter 5, Figures 5.6, 5.7 and 5.10). Historic gas monitoring
data for Site 1 BH 03/4 indicated that landfill gas emission was linked to changes
in atmospheric pressure (Chapter 4, Figure 4.2 and Table 4.1). The high temporal
frequency gas monitoring data captured from this borehole corroborated this obser-
vation (Chapter 5, Figures 5.4 and 5.5). For example, when the ambient pressure
decreased 4 mbar over 16 hours (average 0.25 mbar/hr) on 8™ November 2013, it
induced a positive borehole flow in Site 1, BH 03/4, and introduced CO, and CH,
gases into the borehole. Peak CH, and CO, during this emission event was recorded
at 29.0% and 7.9% respectively (Chapter 5, Figure 5.4 and Table 5.2). When ambi-
ent pressure increased, negative borehole flow conditions resumed and the borehole
gas composition was air.

The change in gas composition in Site 1 BH 03/4 (Chapter 5, Figures 5.4 and 5.5)
occurred as a result of small atmospheric pressure changes (typically 6 mbar or less)
over short periods of time (typically less than 12 hours, but in some examples, the
time-frame was under 4 hours), equating to pressure gradients that were generally
less than 1 mbar/hr and in some instances, pressure gradients less than 0.25 mbar /hr
were encountered. The highest pressure gradient recorded was 1.55 mbar/hr and
occurred on 2"¢ November 2013. These observations tended to agree with Gebert
and Grongroft (2006) who recorded the same phenomenon as a result of atmospheric
changes as low as 1 mbar on a passively vented landfill site. Gebert and Grongroft

(2006) noted that changes are immediate and highly sensitive, resulting in a highly
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variable flow rate (in both directions) and concentration of CH, and CO, gases.

Although flow rate was not measured in this study, the difference between in-
ternal borehole pressure and ambient atmospheric pressure was calculated. This
varied between —15 and +10 mbar in response to changes in atmospheric pressure.
This served as a useful analogue for borehole flow. A positive pressure difference
occurred when atmospheric pressure decreased and internal borehole pressure was
greater than atmospheric pressure. The changes in pressure difference generally in-
versely mapped onto variations in atmospheric pressure (Chapter 5, Figure 5.4 and
5.5).

Other authors who have previously noted a strong positive correlation between
negative atmosperic pressure gradient and gas emission from the near-surface in-
clude: Czepiel et al. (2003), Scheutz et al. (2009), Gebert et al. (2011) and Rachor
et al. (2013). However, Christophersen et al. (2001) did not consider atmospheric
pressure to be an important factor. It could be that ground conditions for the site
studied by Christophersen et al. (2001) were not in good connectivity with atmo-

spheric pressure (e.g. impermeable, consolidated media).

Alternative techniques for measuring landfill gas emissions include the mobile
tracer dispersion method. This method combines a controlled release of a tracer
gas with downwind landfill gas concentration measurement conducted using a mo-
bile high resolution analytical instrument such as a cavity ring-down spectrometer
(Mgnster et al., 2015). In a study of 15 Danish landfills of varying age, Mgnster et al.
(2015) demonstrated that CH, emissions ranged from 2.6 to 60.8 kg/hr, with the
lowest emissions from the older and smaller landfill facilities and the highest emis-
sions from the newer and larger landfill facilities. These emissions were recorded
during stable atmospheric pressure conditions (i.e. little variance in wind speed
and direction, and small changes in atmospheric pressure) and perhaps it would be
useful to replicate this experiment on the study sites explored in this research. It
would be particularly interesting to examine the research sites using this method
(or equivalent) in changing atmospheric pressure conditions to compare with the

GasClam instrument data.

Similarly to Mgnster et al. (2015), Delkash et al. (2016) measured landfill CH,
emissions coupling an atmospheric infra-red sounder with the tracer dilution method.
While the positive correlation between CH, emission and negative atmospheric pres-
sure gradient was observed, the AIRS data had some deviations from the field mea-
sured TDM data. However, due to the uncertainties in the TDM, the AIRS data
could not be accurately calibrated (Delkash et al., 2016). Despite the uncertain-
ties in the data, Delkash et al. (2016) reported correlations ranging from r? = 0.54
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to 0.67 between barometric pressure and CH, landfill emissions using the AIRS
method. In the context of the results in the literature, it is clear that different
analytical techniques corroborate the correlation between atmospheric pressure and
ground gas emission from the near-surface environment. There is some variance in
the correlations reported, but this could be an artefact of the difference in specific

local conditions.

Determination of Gas Source

Gas samples were collected from research Sites 1 and 2 and were referenced against
mineshaft vent gas samples and North Sea Gas. Referencing the research samples
against published data from Golding et al. (2013), it was possible to ascertain gas
sources. Landfill gas samples from Site 1 along with Site 2 cell gas and flare gas
showed depleted *dCcn, and 6Dcp, ratios (< —60%o and < —250%o respectively)
consistent with acetoclastic reactions (Flores et al., 2008).

Relative to the landfill gas samples, Site 2 perimeter monitoring well gas samples
showed an enrichment in both 3C and D that was not consistent with a biogenic gas
origin. Site 2 borehole gas samples ranged from —55.6 to -48.0%o 135CCH4 and —173
to +55.0%0 5DCH4. Further research would be required to ascertain the microbial
and/or thermogenic processes that could lead to a heavy enrichment in D. The
range of 13C ratios was consistent with thermogenic sources reported by Martini
et al. (1998) and MclIntosh et al. (2002) for Antrim and New Albany Shales, USA;
and Osborn and McIntosh (2010) for northern Appalachian Basin Shales, USA.

Typically, thermogenic CH, is relatively enriched in *C and D as the stable
isotope ratios produced in this research have shown. However, biogenic CH, may
also have 13(50@1{4 that lie within the established thermogenic range (Owen et al.,
2016). Processes that may produce CH, enriched in *C and D include acetoclastic
methanogenesis (Golding et al., 2013), shifts in seasonal availability of substrate
(Moura et al., 2008), enrichment of the CO, pool as a result of on-going methano-
genesis (Whiticar, 1999), and anaerobic or aerobic oxidation of CH, (Tsunogai et al.,
2002).

For example, in a recent study, Owen et al. (2016) reported CH, stable isotope
ratio for deep coal seam gas (200-500 m) of —58 to —49%0 for the Walloon Coal
Measures, Australia. The shallower coal gas CH, underlying the Condamine River
alluvium produced 135CCH4 values —80 to —65%0 (Owen et al., 2016). Consequently,
Owen et al. (2016) concluded that there was no CH, migration from the deep coal gas
reservoir to the shallower formations due to the depleted 13(5CCH4 values obtained.

An important conclusion to be drawn from this study is that thermogenic 135CCH4
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end member may not be the most appropriate ratio to use. Owen et al. (2016)
reported variable ratios within the same formation as a consequence of differing
hydrogeological and microbial conditions. Therefore, alternative and/or additional
isotope measurements may be required to substantiate gas origins.

This issue was particularly pertinent to the Abbeystead disaster in 1984 as the
source of the CH, was largely thought to be geogenic in origin due to absence of
14C in gas samples (HSE, 1985). However, the contribution of newer biogenic gas
could not be ruled out as sludge and slime deposits within the tunnel complex at
Abbeystead were found to have methanogenic organisms through culture testing.
However, the CH, generating potential of these deposits was thought to be sub-
stantially lower than the Bowland Shales (HSE, 1985). The analysis of trace gas
components contained in gas samples may be used to further differentiate the source
of gases between biogenic and geogenic.

From a regulation perspective, stable isotopes in conjunction with radiocarbon
dating could be used to determine gas source. While stable isotopes should be
sufficient to differentiate gas sources in most cases, in the case of Site 2, it was
unclear where the gas source had originated from. For examples such as Site 2,
radiocarbon dating may be needed to fully clarify gas sources.

This is particularly pertinent for regulation, especially in the case of Site 2,
as the site owner/regulator would need to know if they were responsible in the
event of a gas leak. Following the Loscoe Landfill Gas explosion in Derbyshire, UK,
1986, radiocarbon dating determined that the gas that had caused the explosion had
originated from the landfill 70 m distant from the houses (Williams and Aitkenhead,
1991). However, the cost of radiocarbon dating is far greater than stable isotope
analysis and may not be economically viable in some instances (Hitchman et al.,
1989).

According to Boltze and de Freitas (1997), in the preceding 7 hours before the
Loscoe Explosion in 1986, the atmospheric pressure dropped 29 mbar (~4 mbar/hr).
Williams and Aitkenhead (1991) noted that such extreme pressure drops occur once
every 6 years. By comparison, Massmann and Farrier (1992), observed that more
than 50% of observations over a 6 hour period were the result of pressure changes of
no more than 5 mbar (0.83 mbar/hr). The much smaller rate of change reported by
Massmann and Farrier (1992), was more in line with data reported in Chapter 5 by
high temporal frequency gas monitoring. For example an inverse pressure gradient
of 0.81 mbar /hr on 5" November 2013 resulted in peak concentrations of 40.1% CH,
and 7.9% CO, in BH 03/4, Site 1.
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However, Site 1 BH 03/4 demonstrated much greater sensitivity to atmospheric
pressure than either Boltze and de Freitas (1997) or Massmann and Farrier (1992) re-
ported. For example, peak CH, and CO,, 40.6% and 4.5% respectively were recorded
on 7 August 2013 resulting from an inverse 0.17 mbar/hr pressure gradient. Over
an 18-hour-period, the atmospheric pressure dropped 3 mbar. Similarly on 1012
August 2013, an inverse pressure gradient of 0.20 mbar/hr induced peak CH, and
CO, concentrations of 54.4% and 7.4% respectively. During this sustained emission
event, the atmospheric pressure decreased by 7 mbar over a 35-hour-period. Similar
observations were made in the autumn when peak CH, and CO, concentrations of
35.3% and 8.5% respectively resulted from an atmospheric pressure gradient of —0.25
mbar/hr on 9®® November 2013. During this gas emission event, the atmospheric
pressure decreased by 3 mbar over 12 hours.

These data imply that this particular system is so sensitive to pressure gradient
and length of time over which atmospheric pressure decreases, that the magnitude
of both these variables is almost irrelevant. This is likely to be a consequence of
the unsaturated zone of Site 1 being comprised of a thick layer (sim 30 m) of
Middle Sands (Quaternary) that is highly porous and permeable, thus permitting
the easy transport of gas. Consequently, for sites of similar geological setting as Site
1, the data indicate that the transport and emission of ground gases may be more
sensitive to changes in atmospheric pressure than both Boltze and de Freitas (1997),

and Massmann and Farrier (1992) considered.

Gas Transport Mechanics

Gas transport mechanisms for CO, and CH, in the unsaturated zone was modelled

by diffusion using Fick’s Law (Equation 8.1).

¢ 1 L
50 - 2 (6rf62\/Deff . t) (8.1)

An experimental rig called an ‘artificial borehole’ was used to test gas diffusion.
A sealed apparatus, the artificial borehole could be viewed as a closed-system and
not influenced by changes in ambient conditions. Gases injected into the artificial
borehole reservoir located at the base of the apparatus were continually measured
through sample ports up the side of the column in order to ascertain the gas/air
interface change over time.

The data shown in Chapter 7 Figures 7.6, 7.7, 7.8 and 7.9 demonstrated that
when the borehole was empty, gas transport for both CH, and CO, was governed

by diffusive flow as the measured data closely agreed with the modelled data. How-
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ever, when sand was added to the borehole apparatus, the rate of diffusion was
significantly reduced owing to an increase in tortuosity of CH, and CO,, paths. Fur-
thermore, in an experiment conducted using a 60% / 40% gas mixture of CH, and
CO,, the ratio of CH, / CO, increased from 1.5 to 3.0 suggesting that CH, diffusion
was less impeded by the sand. The measured transport curve differed significantly

for the modelled diffusion curves in air (Chapter 7, Figure 7.14).

The concentration curves yielded in Chapter 7, Figures 7.6, 7.7, 7.11 and 7.12
could be used to interpret the gas compositions for Site 3 BHs GM5 and GM14
which show increasing CO, concentration with increasing depth (Chapter 4, Figure
4.10). The increasing CO, concentration with depth is resultant from advective
transport of CO, gas from source towards the surface, slowly over time through

the Quaternary deposits, as shown in the advection transport conceptual model
(Chapter 7, 7.17).

Diffusive transport of CH, and CO, was shown to be efficient initially (up to 6
hours). However, after 1 day, CO, transport was slower and uniform concentration
was achieved throughout the apparatus after 1 week. Gebert and Grongroft (2006)
noted that diffusive transport was an inefficient process and that advection was the
principle transport mechanism on a passively vented landfill. Gebert and Grongroft
(2006) noted that a drop in atmospheric pressure as little as 1 mbar was enough
to induce landfill gas emissions. The observation that pressure changes induced
changes in landfill gas flow strongly suggest that advection is a principal transport
driver. When Site 1 BH 03/4 was monitored at high temporal frequency in 2013, a
similar observation was noted. Pressure gradients as small as —0.7 mbar/hr (over 3
hours) were enough to induce a landfill gas emission comprised of 40% CH, and 9%
CO, (Chapter 5, Figure 5.4).

However, when monitoring wells on Site 2 were monitored at high temporal fre-
quency, none showed any relationship between atmospheric pressure, flow and gas
composition. Diurnal cycling of CH, and CO, was demonstrated in response to
changing temperature (Chapter 5, Figure 5.8). A key difference between Sites 1 and
2 is the composition of the unsaturated zone. Site 1 comprises ~30 m of uncon-
solidated Middle Sands while Site 2 is predominantly Glacial Till with occasional
sand lenses. Gebert et al. (2011) noted that for sites dominated by diffusive trans-
port, soil temperature and moisture were important factors. The high temporal
frequency data for Site 2 are indicative of diffusive transport as gas compositions
varied in response to temperature changes. Gebert et al. (2011) also commented that
the opposite is true for sites dominated by advective gas transport and that changes

in gas composition are shown on all time-scales when transport is predominantly
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advective. Therefore, site geology is an important factor in whether gas transport
is likely to be diffusive or advective and this should be a key consideration in the
conceptual model design.

Although the methodology described in this thesis can predict gas transport
by diffusion as shown in Chapter 7, Figures 7.7, 7.9 and 7.12 , there is still much
work to be done particularly simulating and measuring advective transport. Further
testing under different conditions using the apparatus will be required. Importantly,
different media with different porosities would need to be investigated in order to
establish a larger data resource that can be used to refine the conceptual model. As
a methodology, the artificial borehole is a useful research tool in the investigation

of gas transport.

8.2 Conceptual Model Design

Figure 8.1 illustrates the final conceptual model design derived from the evidence
compiled during the research. The conceptual model characterises sources of CO,
and CH, contamination in the sub-surface and demonstrates migration pathways
that may pose hazards to property and life.

Encapsulating two common sources of ground gases, the conceptual model demon-
strates the source of CH, and CO,, from landfill and dewatered mine voids. Although
mine void gas was not examined in this research, Hall (2007) demonstrated that
mine gas emissions were subject to rises and falls in atmospheric pressure. Further-
more, there have been historic incidents relating to mine gas such as the Arkwright
Town disaster, Derbyshire, UK, 1988 and the death of Donald Tollett, Widdring-
ton, Northumberland, UK, 1995. Therefore, it was pertinent to include mine gas
hazard in the conceptual model. Other sources of ground gases not considered in
this research and not incorporated into the conceptual model design include: made
ground, foundry sands, sewage sludge, shale gas, natural gas plants and pipelines
(leaks), wetlands, and chalk and limestone (reaction of CaCO, with acidic rainwater
to evolve CO,).

Sources of ground gases can be categorised into two broad bands: ‘biogenic’
(anaerobic digestion by methanogenic bacteria) and ‘thermogenic’ (anaerobic de-
composition of ancient vegetation trapped within rock such as Coal Measures, also
known as ‘geogenic’ gas). It is possible to differentiate biogenic and geogenic gas
sources through stable isotope analysis. Biogenic gases tend to be depleted in the
heavier stable isotopes of C and H (}3C and ?H (or D)) and consequently yield lower

(more negative) 135C and 6D values relative to geogenic sources.
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Figure 8.1: Conceptual Model Design

As a general guide, Hitchman et al. (1989) proposed that biogenic gas sources
produce 135CCH4 values less than —60%o while thermogenic gas sources produce

39Ccu, greater than —60%o. The data reported in Chapter 6 corroborate this
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general guide to an extent. However, there were some cross-over values observed.
For example, Site 1 landfill BH 03/4 yielded a '*§Ccy, value of —58.2%0. As a
slight amendment to Hitchman et al. (1989), it was proposed that biogenic sources
generally produce a 13CCH4 < —55%0 while thermogenic sources generally produce
a BCcn , > —55%o. This general guide is incorporated into the conceptual model

design for landfill gas (biogenic source) and coal gas (thermogenic source).

As for C stable isotopes, biogenic sources are generally depleted in the heavier
H isotope (D) while thermogenic sources are relatively enriched in the heavier H
isotope. All thermogenic gas sources yielded éDcn, values greater than —250%o
while all biogenic gas sources produced dDcp, values less than —250%o. For example,
Site 2 landfill cell gas produced a dDcp, value —316%0 while —214%0 0Dcn, was
recorded for an abandoned mine shaft vent. These figures were also incorporated

into the design of the conceptual model.

The prediction and measurement of CO, and CH, lateral migration in the un-
saturated zone was a prerequisite of the conceptual model design. Experiments
conducted in an ‘artificial borehole’ (a closed system) showed that gas migration
was facilitated by diffusive transport when compared against modelled data. Fur-
thermore, when diffusion was measured through Leighton Buzzard Sand (a very well
sorted coarse-grained sand), CH, was shown to be transported at a faster rate than
CO,. A consequence of this observation is that the ratio of CH, / CO, increases as
indicated in the conceptual model. In the example of landfill gas which is typically
comprised of 60% CH, and 40% CO, (Kjeldsen et al., 2002), it is possible that a
larger proportion of CH, may be measured relative to CO, (e.g. 70% CH, / 30%
CO,) when monitoring gas at distance from source. In the case of Site 1, BH 03/4,
the ratio CH,/CO, increased from 1.5 (i.e. 60% CH,, 40% CO,) to 5 and in some
instances, increased to 15 (Chapter 5, Figures 5.4 and 5.5). This may indicate that
CH, lateral transport is more efficient than CO, lateral transport by advection in
the unsaturated zone. By comparison, the CH,/CO, ratio increased to an excess of
15 for Site 2, BH 04 (Chapter 5, Figure 5.8). And on some occasions, the CH,/CO,
ratio approached 80. Coupled with the stable isotope analysis of ground gases, the
ratio of the proportions of CH, and CO, may also be used as an indicator as to the

source of the gases.

A caveat on the experimental apparatus is that it constituted a closed system.
In the field, a closed system may be described as one that is bounded by the top
surface of the groundwater at its base and by an impermeable layer (such as clay) at
its top. Under these circumstances it is proposed by the conceptual model that the

dominant transport mechanism is diffusion and that gas is transported laterally from
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source. An example of a closed system would be transport of gases through the basal
lining of a containment-type landfill. In these types of landfill, the base lining is
designed to be as impermeable to leachate and gas as possible. This is often achieved
through multiple layers of clays and geosynthetic materials that are impermeable
and compact to provide a protective barrier. For older natural attenuation facilities,

advective transport may be more effective than diffusive transport.

However, great care must be taken to understand the site specific geology when
predicting lateral migration of CO, and CH, ground gases. If an open system
exists it will be subject to changes in atmospheric pressure. When these conditions
prevail gas transport is principally conducted by advection (as transport will be
driven by pressure gradients). Advective transport of CO, and CH, is indicated
by thick, solid, red arrows while diffusive transport is indicated by thinner, dashed,
green arrows. This distinction is made to show that advection is a more efficient
mass transport mechanism than diffusion. The conceptual model illustrates these
conditions assuming gas transport to be diffusive through basal lining of landfills (in
agreement with Quigley et al. (1988)). Applying the same assumption, gas transport
through landfill caps is also diffusive. Labelling systems as open or closed is not a
true reflection of ground conditions and is a simplification used in the conceptual
model. When gases encounter impermeable barriers such as clay, they are forced to

migrate laterally.

Under falling atmospheric pressure conditions, a positive pressure gradient be-
tween the geosphere and atmosphere is established. Mass flow of CO, and CH,
is from the ground to the atmosphere as indicated in the conceptual model. Gas
moving away from landfill sites may readily be transported through unconsolidated
Quaternary Deposits (in the unsaturated zone). Gas may reach the atmosphere
through cracks and defects in landfill caps, valley sides, cracks and fissures in the
soil, or via plant roots by advective transport. In terms of risk posed to property and
life, these conditions present a significant hazard. An important concern is if ground
gases were to break into underground services and enter buildings as indicated on
the conceptual model. A source of ignition would result in damage or destruction
of property if CH, were present in the explosive range (5-15% v/v). If CO, were to

displace enough O, in air, an asphyxiation hazard would endanger human life.

When atmospheric conditions are reversed (i.e. rising pressure), the pressure
gradient between the geosphere and atmosphere is reversed. Under these conditions,
air enters the ground and has a diluting effect on the concentration of CH, and CO,
as indicated in the conceptual model. The research presented here cannot ascertain

how deep into the sub-surface this effect is observed. The impact of atmospheric
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pressure on the ground gas regime is particularly dynamic. For Site 1 BH 03/4,
a pressure drop of less than 2 millibar over as little as three hours was enough
to induce an emission of CH, and CO, gases from the sub-surface. Gas emission
events were recorded when the pressure gradient was less than 0.2 mbar/hr, but
generally less than 1 mbar/hr. When atmospheric conditions were reversed, the
‘switch’ to ingress of air into the ground, the atmospheric pressure gradient required
was similar in magnitude. Data collected from Site 1 BH 03/4 showed that gradients
were generally less than 1 mbar/hr, but mainly less than 0.5 mbar /hr.

However, there are a number of assumptions associated with the conceptual
model design. Firstly, gas transport in the unsaturated zone through unconsolidated
media is assumed to be uniform and ignores the potential for preferential pathways
to exist. Additionally, it was assumed that there were no changes to CO, and
CH, concentration between source and atmosphere. This is not a true reflection
of the sub-surface as there are multiple mechanisms by which CH, and CO, may
be retarded or removed from the system. These could include adsorption onto clay
minerals, degradation by microbes and dissolution of CO, (58 times more soluble
in water than CH,) in groundwater. Consequently, there is potential for additional

layers to be made to the conceptual model in future research.

8.3 Wider Applications in Industry

Design of Gas Monitoring Programmes

The data collected from continuous monitoring show considerable variation with
time, and are consistent with the overall CH, and CO,, compositional data collected
by hand-held meters. Using these, measurements are made at specific times/dates.
If the periodicity of the sampling points is superimposed on the high frequency data
series, gas composition is measured as a snapshot view of a highly variable system,
and measured concentrations will vary considerably (as shown in Chapter 5, Figures
5.4 and 5.7 in particular).

From a regulatory perspective, high temporal resolution allows a clearer under-
standing of the processes that are occurring in the near-surface ground gas regime.
As has been noted, air pressure and depth of water table are key factors. Current
UK practice is to take point measurements from all monitoring wells on a site for
a minimum investigation period of six weeks. It is required that at least one of the
point measurements needs to be taken during falling atmospheric pressure. This

process may be conducted irregularly at different times of year as required.
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The data presented here show high temporal variability. The periodicity of the
cycling of gases can be as short as a few hours to as long as a few days. Under
current regulatory practice, two point measurements would have been made during
the selected two week period shown in Chapter 5, Figure 5.4. For 70% of that
monitoring period, only air (N, + O,) was present in the test borehole. Thus there
is a high likelihood of missing an emission event. To be certain of the ground gas
regime for a site where CH, and CO, are likely to pose a hazard, a high temporal
resolution data set may be required. Furthermore, a longer statutory monitoring
period could be necessary to identify any longer-term seasonal variations in the
ground gas regime.

Stable isotopes may indicate the origin of CH, and CO,, in the sub-surface where
multiple sources exist. However, there are instances in the literature and some uncer-
tainty reported in Chapter 6 where biogenic CH, stable isotope ratios may trespass
thermogenic "*0Ccp, end-members (Owen et al., 2016). Where uncertainty exists,
radiocarbon dating to distinguish between biogenic (new sources) and thermogenic
(old sources) of CH, may be required for regulation (Williams and Aitkenhead,
1991).

Carbon Capture and Storage (CCS), Hydraulic Fracturing (‘Fracking’)

and other Industries

The monitoring data reported here demonstrate the complex behaviour of gases
within the unsaturated zone, emphasising the highly variable nature with time of
exchanges of CO, and CH, between the soil and the atmosphere. Great care needs to
be taken in the interpretation of ground gas data to distinguish variation arising from
meteorological controls from those arising from changes in geogenic or anthropogenic
inputs, which need to be recognised in any attempt to attribute an artificial cause
for an emission.

It is essential that the time period for monitoring is sufficient to capture mete-
orological events such as a rapid reduction in atmospheric pressure, and that the
frequency of sampling is small enough to determine changes arising from these. Fur-
thermore, other practices of continuous ground gas monitoring in relation to CCS
have been discussed by Schlomer et al. (2013) and Schlomer et al. (2014) and outline
the importance of establishing baseline conditions in the unsaturated zone before
and during operations to determine any leakages of CO, from geologic formations.

Recently, Dixon and Romanak (2015) advocated adding attribution monitoring
to CCS monitoring protocols. In addition to knowledge of background conditions

and assess performance of CO, storage reservoir performance, Dixon and Romanak
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(2015) argued that attribution is required because of the challenge of discerning a
leakage from natural CO, variation in the near-surface. Teasdale et al. (2014) com-
mented that there was a need to establish baseline conditions using high temporal
frequency monitoring before engineering works commence. As the near-surface is
the last geologic receptor before release to the atmosphere and non-storage related
phenomena can mimic shallow leakage, Dixon and Romanak (2015) argued that it is
important to attribute anomalous CO, occurrences to source in order to avoid any
unnecessary heightened quantification monitoring. The stable isotope data shown in
Chapter 6 corroborate the view that there is a regulatory requirement to determine
gas source where multiple gas sources are possible.

It is clear that from the development of a conceptual model of the ground gas
regime, the principles that are applied to landfill sites are equally applicable to gas
emissions from other subsurface activities including CCS and hydraulic fracturing.
It is possible that leakages occur along undetected faults and fractures coupled with
changes in atmospheric pressure.

Without rigorous monitoring, there is potential for low intensity leakages to
go undetected for prolonged periods of time (Harvey et al., 2012). For exam-
ple, Klusman (2003) estimated that approximately 170 tons of CO, was lost per
annum through leakage from deep storage to the atmosphere at an enhanced oil
recovery/CO, sequestration site at Rangely, Colorado, USA. In order to establish
baseline levels of CO,, monitoring programmes are required, before injection (with
respect to CCS) and continuing through operations for safety, public acceptance and
model calibration (Korre et al., 2011).

In a recent case study of CO, surface leaks in Qinghai, China, Schroder et al.
(2016) noted a significant 20-50 m CO, migration away from the source of a leak.
Schroder et al. (2016) argued that soil flux surveys cannot simply focus on the area
immediately surrounding the leak as it would limit the effectiveness of long-term
continuous soil flux survey installations as a primary detection method. Therefore,
a systematic regular pattern may be better for detecting leaks while an irregular
sampling regime with high sampling density in known high-flux zones may be more
suited for CO, leak quantification (Schroder et al., 2016). The high temporal fre-
quency capabilities of the GasClam demonstrated in Chapter 5 could be used to

meet this brief.



Chapter 9

Conclusion

9.1 Summary and Key Findings of the Research

In order to meet the research aim of developing a widely-applicable conceptual
model of ground gas dynamics, the following were conducted: a review of historic
gas monitoring data, field work using a high temporal frequency gas monitor, stable
isotope analysis of gas samples, and laboratory-based experiments designed to test
gas transport mechanics.

A literature review establishing the principles of ground gas dynamics was un-
dertaken to meet the research objective set at the beginning of this investigation.
It encompassed the chemical, physical and hazardous properties of common ground
gases, reviewed the sources of ground gases including historic investigations that
quantified sources, appraised previous studies that explored gas migration and emis-
sions, and detailed historic incidents of uncontrolled gas migrations.

Historic data sets from municipal landfill monitoring wells based in similar geo-
logical settingd in NW England were analysed and reviewed. These data sets were
extended to 30" June 2015. Gas compositions were presented in ternary plots to
allow easy comparison between boreholes and sites. This met the research objective
to establish baseline CO, and CH, concentration and determine natural variations
in the near-surface ground gas environment. It also met the research objective to
update data sets for these municipal landfill sites (that overlie the Bowland-Hodder
Shales).

Historic gas monitoring data for Site 1 showed changes in gas composition with
changes in atmospheric pressure (Chapter 4, Figures 4.1 and 4.2). When atmo-
spheric pressure decreased, landfill gas (70:30 CH,:CO,) was present in the nearest
borehole to the landfill boundary. On some occasions, landfill gas was observed at

a distance 25 m away from the landfill. On no occasions was landfill gas present
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100 m away from the landfill. These data suggested that landfill gas migrated at
least 25 m through unconsolidated Quaternary Deposits during negative atmospheric
pressure gradients. When opposing atmospheric pressure conditions prevailed (i.e.
rising pressure), no landfill gas was observed in the monitoring wells. The inter-
nal pressure of the landfill was not measured, but the internal borehole pressure
was measured and the difference between borehole pressure and atmospheric pres-
sure was calculated. This typically varied between —15 mbar (negative borehole
pressure, increasing atmospheric pressure) and 15 mbar (positive borehole pressure,
decreasing atmospheric pressure, which equated to movement of ground gas from

the sub-surface to atmosphere).

Conversely, some monitoring wells on a second municipal landfill (Site 2) demon-
strated gas compositions that were not indicative of landfill gas (Chapter 4, Figure
4.4). Borehole 4 gas composition at this site frequently approached 100% CH, /N,
end member. This occurred frequently over a 17 year monitoring period from site
inception. BH 12 and BH 14 frequently recorded gas composition in excess of 80%
CH,. This site overlies Carboniferous rock with inter-bedded coal seams. Conse-
quently, the higher ratio of CH,/CO, demonstrated in monitoring wells at this site

may have represented a geogenic gas contribution.

A third municipal landfill site, located within the London Basin (Chalk), demon-
strated different behaviour from Sites 1 and 2. Monitoring wells at Site 3 were sep-
arated into isolated monitoring zones. Some boreholes on this site showed changing
gas composition with increasing depth from surface. For example, boreholes GM
5 and GM 14 (Chapter 4, Figure 4.10) showed an increasing CO, concentration

gradient with increasing depth from surface.

In order to fulfil the research objective to capture and interpret high temporal
frequency data for the aforementioned research sites, a GasClam® (IonScience Ltd)
was deployed on Sites 1 and 2 between April 2013 and January 2015. Data from Site
1 BH 03/4 showed a close relationship with atmospheric pressure (Chapter 5, Figure
5.4) and showed that changes in gas composition were extremely sensitive to changes
in atmospheric pressure as a pressure drop as little as 3 mbar over 2 to 4 hours was
sufficient to induce an emission of landfill gas (70% CH, / 30% CO,). Crucially,
the high temporal frequency gas data showed that the array of gas compositions
compiled over 10 years occurred over time-scales as short as 24 hours (Chapter 5,
Figures 5.6 and 5.7).

Contrastingly, Site 2 boreholes did not show a change in gas composition that
was related to changes in atmospheric pressure (Chapter 5, Figures 5.8 and 5.9). The

pressure difference induced by atmospheric pressure was never greater than 1 mbar
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on Site 2, in contrast to Site 1 BH 03/4 where a pressure difference of 10 mbar was
measured as a result of negative atmospheric pressure gradients. Concentrations of
CH, and CO, cycled diurnally with respect to O,. At the time of data capture this
was hypothesised to be due to a poor borehole seal. However, as Site 2 landfill is set
in a thick layer of glacial till, it is possible that the ground gas regime was isolated
from changes in atmospheric pressure. The diurnal cycling may be a consequence of
diffusive gas transport which will be subject to changes in ground conditions such
as temperature and saturation (Chapter 5, Figure 5.8). The different trends noted
at Site 1 and 2 landfills from the high temporal frequency gas data consequently
helped to add to the understanding of the ground gas regime.

In addition, a control borehole at a site distant from landfill and coal-bearing
rocks was monitored to establish background conditions. The data produced from
this borehole also contributed to the research objective to establish baseline CO, and
CH, concentration in the near-surface. A two-week monitoring period commencing
3™ February 2014 (at 14:30) yielded a peak CO, concentration 1.3% in response to
steep atmospheric pressure falls (Chapter 5, Figure 5.11). No CH, was recorded. It
was supposed that the small CO, concentration constituted background CO, in the
Middle Sands formation.

The GasClam was deployed on closed vent mode on all the research sites. It was
programmed to sample ground gases every 30 minutes. On this sampling regime,
a maximum battery life of two weeks was achieved. As a recommendation for high
temporal frequency gas monitoring methodology for the GasClam, it was deter-
mined that: the vent should be closed (to prevent disruption to internal borehole
conditions), sampling should be every hour or less (to capture all changes in gas
composition whilst maximising battery life), a filter should be applied to the exter-
nal vent to prevent water ingress (e.g. condensation) that may affect accuracy of
measurements, and multiple GasClams should be deployed simultaneously to ensure

data sets are directly comparable.

Gas samples were collected from Sites 1 and 2 for analysis to determine their
origin. This was undertaken to meet the research objective to sample landfill gases
from landfill sites (Site 2) with suspected multiple gas sources and to use stable
isotope ratios to ascertain the source. Using flared landfill gas from Site 2 as a refer-
ence, stable isotope ratios were determined as "*§Ccn, —65.0%0 and 0Dcn, —319%o.
Relative to these values, Site 1 BH 03/7 produced a 135CCH4 —61.0%0 and 0Dcn,
—253%0 while Site 2 BH 04 yielded a *6Ccn, —55.6%0 and 0Dcu, —172%0 (the
full complement of stable isotope results is given in Chapter 6, Table 6.5). Site

2 perimeter monitoring wells gases indicated an enrichment in the heavier stable
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isotopes (13C and D) which suggested a possible geogenic origin. When compared
against published data (Chapter 6, Figures 6.6 and 6.7), the Site 2 perimeter bore-
holes appeared to agree with previous isotope ratios quoted in the literature for
geogenic gas sources.

It was also determined in Table 6.6, that the two methods of isotope ratio mass
spectrometry employed at Newcastle University and UC Davis Stable Isotope Fa-
cility, California, US (UCDSIF), produced results that agreed with each other to
within a small margin of error. The average differences between data sets were
1.80%0, 9.81%o, and 1.06%0 for *0Ccy,, dDcn,, and *6Cco, respectively, while
the standard deviations were 1.23%o, 14.1%0, and 3.33%o for 0Ccy,, 0Dy, , and
136C002 respectively. Thus, this fulfilled the research objective to compare stable
isotope analysis methodologies. Additionally, it was determined that samples stored
in evacuated containers had at least an effective storage time of two months and had
survived air transit. One month elapsed before analysis at Newcastle University and
a further month passed before analysis at UCDSIF. Despite this time-lag, the two
data sets were in close agreement with one another.

An ‘artificial borehole’ 3 m in height was designed and constructed to test gas
transport mechanics in the unsaturated zone. Experiments conducted using the arti-
ficial borehole were in fulfilment of the research objective to investigate gas transport
mechanisms that synthesise research municipal landfill site conditions. Data gen-
erated from these experiments yielded concentration curves that, when compared
against modelled diffusion data, provided evidence that for a closed system, diffusive
transport was the dominant mechanism (Chapter 7, Figures 7.7 and 7.12).

The collated evidence from the historic gas monitoring data review, the high
temporal frequency data capture, stable isotope analysis of gas samples, and mod-
elling and experimental data of gas transport mechanisms fed back into the overall
design of a conceptual model (Chapter 8, Figure 8.1). The model had three main el-
ements: source, migration and hazard. Gas sources are identifiable by stable isotope
‘signatures’. For closed systems gas transport is diffusive while for open systems gas
transport is advective and subject to changes in atmospheric pressure. Risks are
posed to property and life when ground gases CH, and CO, accumulate at specific
concentrations to present an explosion hazard in absence of O,. If O, is displaced
or reduced, CO, poses an asphyxiation hazard. The development of the conceptual
model presented in Chapter 8 met the overall research aim of this project. Based
on the findings of this research, it was designed to be widely-applicable for future

use and meet the research objective set out in the introduction of this thesis.
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9.2 Implications for Industry, Policy Making and

Regulation

Design of Gas Monitoring Programmes

The data collected from continuous monitoring show considerable variation with
time, and are consistent with the CH, and CO, data collected by hand-held meters.
Using these, measurements are made at specific times/dates. If the periodicity of
the sampling points is superimposed on the high frequency data series, gas compo-
sition is measured as a snapshot view of a highly variable system, and measured
concentrations will vary considerably (as shown in Chapter 5, Figures 5.6 and 5.7
in particular).

From a regulatory perspective, high temporal resolution allows a clearer under-
standing of the processes that are occurring in the near-surface ground gas regime.
As has been noted, air pressure gradients and depth of water table are key factors.
The data presented here show high temporal variability. The periodicity of the
cycling of gases can be as short as a few hours to as long as a few days. If two
point measurements had been made in the test borehole during the two week period
29/10/2013 — 12/11/2013 shown in Chapter 5, Figure 5.4 there would have been a
high probability of missing an emission event as only air was present for 70% of that
monitoring period.

To be certain of the ground gas regime for a site where CH, and CO, are likely to
pose a hazard, a high temporal resolution data set may be required. Furthermore,
a longer statutory monitoring period could be necessary to identify any longer-
term seasonal variations in the ground gas regime. Chapter 5, Figure 5.7 clearly
demonstrates how gas compositions for Site 1 BH 03/4 were observed on a range of

time-scales from one day to a decade.

Carbon Capture and Storage (CCS) and Hydraulic Fracturing ‘Fracking’

Industries

The gas monitoring data reported in Chapters 4 and 5 demonstrate the complex
behaviour of gases within the unsaturated zone. The highly variable nature of CO,
and CH, exchange between the sub-surface and the atmosphere with time is empha-
sised in the data. Care needs to be taken in the interpretation of ground gas data
to distinguish variation arising from meteorological controls and variation arising
from changes in geogenic or anthropogenic inputs, which need to be recognised in

any attempt to attribute an artificial cause for an emission. It is essential that the
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time period for monitoring is sufficient to capture meteorological events such as a
rapid reduction in atmospheric pressure, and that the frequency of sampling is small
enough to determine changes arising from these. It is important to establish baseline
conditions in the unsaturated zone before and during operations to determine any
leakages of CO, from geologic formations.

From the development of a conceptual model of the ground gas regime, the prin-
ciples that are applied to municipal landfill sites are also applicable to gas emissions
from other subsurface activities including CCS and hydraulic fracturing. Leakages
could occur along undetected faults and fractures coupled with falls in atmospheric
pressure. Without rigorous monitoring, there is potential for low intensity leakages
to go undetected for prolonged periods of time. In order to establish baseline lev-
els of CO,, monitoring programmes are required, before injection (with respect to
CCS) and continuing through operations for safety, public acceptance and model
calibration.

Importantly, the data presented in this thesis demonstrate that ground gas com-
positions vary greatly with time. Conventional monitoring protocols are likely to
fail to detect some emission events. It is important that high frequency measure-
ments are made as part of a monitoring regime that is underpinned by a sound
conceptual model of the geological characteristics of the location of interest. As a
recommendation, a sampling frequency of at least once every half hour would be
sufficient to capture changes in ground gas composition in response to changes in
atmospheric pressure. Data collated in Chapter 5, Figures 5.4 and 5.5 demonstrated
that atmospheric pressure gradients less than 0.5 mbar/hr over 2 to 3 hours could
induce emissions of up to 55% CH, and 10% CO, in Site 1, BH 03/4 adjacent to the
municipal landfill. The proposed high temporal frequency gas monitoring regime
of half-hourly sampling would be sufficient to capture these changes in ground gas

composition.

9.3 Recommendations for Future Work

This research presents several areas of future work that are grouped according to

separate research threads:

Ground Gas Monitoring

e Deploy GasClam (or equivalent high temporal frequency gas monitors) over
longer time periods to establish trends on different time-scales. For sites where

diffusive transport is more important than advective flow, a range of trends on
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different time-scales ranging from hours to months could be observed. For sites
where advective transport is more important than diffusive transport, time-
scales are typically very short ranging from minutes to hours. Consequently,
monitoring the ground gas regime using high temporal frequency data cap-
ture instruments is important to resolve trends on differing time-scales. It
is important to determine how these trends interact with each other and are
superimposed upon each other;

e By extension, it is proposed that multiple high temporal frequency gas moni-
tors should be deployed on one site and at other sites simultaneously so that
data sets are directly comparable. However, this is financially constrained and
may not be feasible;

e Monitor other engineered environments at high temporal frequency where CO,
and CH, are generated and/or accumulate such as hydraulic fracturing works
and carbon dioxide containment (CCS), and;

e For a virgin site (preferably in an area of future engineering work) design
an array of monitoring wells for detection and measurement of ground gases.
Predict expected ground gas composition and migration based on known gas
sources and ground conditions. Establish a baseline reading over a period of
months to years before engineering works and examine the changes induced

by engineering to the ground gas regime.

Carbon, Hydrogen and Oxygen Isotope Fingerprinting

e Determine gas origin by radiocarbon dating (1*C). Collect gas samples from
municipal landfills, abandoned mine shaft vents, shale gas and other engineered
environments where CO, and CH, are generated and accumulate. When com-
plemented with stable isotope analysis (**C/?C in CO, and CH,, D/H in
CH,, and ®*0/0 in CO,) gas sources should be fully differentiated. Al-
ready, the research presented in this thesis has postulated the origin of gas on
a municipal landfill site exhibiting multiple gas sources. Radiocarbon dating
of samples would fully differentiate biogenic (new) and geogenic/thermogenic
(old) sources of CO, and CH, ground gases. This is important for regulation
and ascertaining responsibilities of site owners/contractors, especially in the

event of an uncontrolled ground gas migration.

Gas Transport Modelling and Measurement

Gas Transport modelling was modelled according to Fick’s Law of Diffusion and

measured using an experimental ‘artificial borehole’ apparatus. Refinements to the
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apparatus and model, and recommendations for further work using the apparatus

are given in this section.

Refinements to experimental apparatus, model refinements and further modelling

strategies:

e Add a sample port(s) to the gas reservoir at the bottom of the artificial bore-
hole. There was a need to measure Cy in the experiments. If Cy could be
measured accurately, it would be possible to conduct a direct comparison of
the experimental data with the modelled data;

e Refine the modelled data for diffusion of a substance initially confined in the
region —h < x < +h. The integration is then from x — h to x + h instead of
from x to oo as used in this research, and;

e Model and measure gas transport by advection (Darcy’s Law), or combined dif-
fusion/advection model (Darcy’s Law combined with mass conservation equa-
tion). Additionally, it is suggested that these models should be expanded to

incorporate three dimensions.

Further experimentation relating to gas transport mechanics and dynamics in the
ground gas environment using the artificial borehole apparatus are proposed as

follows:

e Determine the effect of the initial starting pressure on the rate of transport of
CH, and CO, in the gas column;

e Determine the effect of the initial starting concentration of ground gases on
the rate of diffusion;

e Determine the effect of different media on the rate of gas diffusion. For exam-
ple, it would be useful to test CH, and CO, diffusion in finer-grained sands,
less sorted sands and coarser-grained sands;

e Determine the effect of the rate of gas diffusion for multi-layered different
media (i.e. increasingly complex unconsolidated strata layers);

e Determine the effect of the degree of saturation on the diffusion of gases in the
near-surface environment. Establish the critical saturation where the maxi-
mum concentration of CO, is ‘scrubbed’ from the system (dissolved in solution)
is achieved;

e Determine the effect of a temperature gradient on the rate of CH, and CO,
diffusion in the gas column;

e Determine the effect of natural microbial colonies on CH, and CO, diffusion

in the gas column;
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e Using the principles of diffusive and/or advective transport, undertake field
measurements to determine which model(s) works best for a given site, and;

e For a given strata, predict the rate of lateral transport of ground gases away
from source (such as a municipal landfill), the maximum distance of transport

and the likely terminal concentration by diffusion models.
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Appendix A

Historic Site Maps

Site 1

From the time of 1% Edition Ordnance Survey County Series Map (1882) until the

mid 1950s, the site was agricultural land used for pastoral and arable farming.
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Figure A.1: Ordnance Survey County Series 15¢ Edition (1882) for Site 1 (from Ordnance Survey (1882))
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Figure A.2: Ordnance Survey County Series 2" Edition (1899) for Site 1 (from Ordnance Survey (1899c))
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Figure A.3: Ordnance Survey County Series 3'4 Edition (1911) for Site 1 (from Ordnance Survey (1911c))
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By 1954, sand was beginning to be excavated from the north of the site on a small
scale (Sand Pit) (Figure A.4).
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Figure A.4: Ordnance Survey National Grid Series 1954 Revision for Site 1 (from Ordnance Survey (1954a))

By 1970 the sand pit excavations had extended. A second sand pit was operational
to the north of Sandy Lane. Overhead electricity cables running NE-SW with
supporting pylons to the S and NE of the site were installed after 1954.

o B NG

Z WA

USE ONLY. et}

Scale 1:5000

[ 50 00 150 200 250 a0 360 400 450 500m
= =S — === ]

Figure A.5: Ordnance Survey National Grid Series 1970 Revision for Site 1 (from Ordnance Survey (1970))
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By 1976, the sand pit operations had ceased and the filling of Site 1 had commenced.
This agrees with the Site report by Martin (2005). The sand pit to the north of

Sandy Lane would eventually be restored as a lake, known as Whirley Mere.
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Figure A.6: Ordnance Survey National Grid Series 1976 Revision for Site 1 (from Ordnance Survey (1976))

There is no evidence of any other historic industry on or in close proximity to the
site. Therefore any CH,, CO, and other contaminants are assumed to originate

from landfilling operations between 1968 and 2003.
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Site 2

The historic Ordnance Survey maps document the urbanisation which took place
around Site 2 mostly during the 20" Century. At the time of the 2°¢ Ed. Ordnance
Survey map (1899), the Crewe and Manchester Branch Line that bounds the NW of
the site had been operational for about 50 years as construction took place between
1841 and 1846. Many small brick works were also present to the north of the site at

this time.
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Figure A.7: Ordnance Survey County Series 2" Edition (1899) for Site 2 (from Ordnance Survey (1899b))
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Figure A.8: Ordnance Survey County Series 3" Edition (1911) for Site 2 (from Ordnance Survey (1911b))

By 1934, multiple housing estates to the south and west of the site had been com-
pleted while the brick works had been consolidated into one clay pit to the north of
the site. This would later become the footprint of the first landfill site.

Figure A.9: Ordnance Survey County Series 4" Edition (1934) for Site 2 (from Ordnance Survey (1934))
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Figure A.10: Ordnance Survey National Grid Series 1966 Revision for Site 2 (from Ordnance Survey (1966))

A modern housing estate to the NW of the railway viaduct was constructed between
1978 and 1984. The clay pit to the north of the site was closed 1978/79 after more
than 100 years of brick production in the locality.

Figure A.11: Ordnance Survey National Grid Series 1984 Revision for Site 2 (from Ordnance Survey (1984))
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Site 3

Like Site 1, Site 3 has a largely unchanged past. For most of its history it has been
used for agricultural land with later developments in infrastructure and excavation

of local resources in the 20" Century.
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Figure A.13: Ordnance Survey County Series 2”9 Edition (1899) for Site 3 (from Ordnance Survey (1899d))
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Between the 1% and 2°¢ Edition Ordnance Survey Maps a Plantation (‘Westmill
Plantation’) was planted to the north of the site and east of Westmill Road.
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Figure A.14: Ordnance Survey County Series 3" Edition (1925) for Site 3 (from Ordnance Survey (1925))

Over the decades the plantation was expanded and by 1960, gravel excavation to

the south of the plantation and on both sides of Westmill Road had begun.
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Figure A.15: Ordnance Survey National Grid Series 1960 Revision for Site 3 (from Ordnance Survey (1960))
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A bypass around a nearby urban area was opened in the late 1970s. Expansion
of the urban area advanced towards the new road during this decade. Additional
gravel excavations were taking place on former agricultural land at this time. By
1977, the first two gravel pits had been exhausted. The larger disused pit to the east
of Westmill Road would form the footprint of a landfill (licence granted in 1977).
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Figure A.16: Ordnance Survey National Grid Series 1977 Revision for Site 3 (from Ordnance Survey (1977))

Later in 1984, the former gravel pit to the west of Westmill Road (south of Westmill
Farm) would be granted a landfill licence. The combined area of Site 3 includes
the footprint of the former gravel pit to the east of Westmill Road and the ‘Jubilee
Plantation’ lying to the east of the gravel pit. The modern dual carriageway bypass
that opened in the late 1970s is the southern boundary of the site, while Poles Lane

represents the eastern boundary and Westmill Road forms the western boundary.
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Control Site

Likewise, with Sites 1 and 3, the control site has had a broadly unchanged history
owing to its rural setting. Throughout the site’s history there has been agricul-
tural fields with many intermittent small woodlands, surface water features and
small-scale sand excavations. Today, the control borehole is located to the west of

Brownlow Farm, near to the small surface water feature.

Figure A.17: Ordnance Survey County Series 2°d Edition (1899) for the Control Site (from Ordnance Survey
(1899a))
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Figure A.18: Ordnance Survey County Series 34 Edition (1911) for the Control Site (from Ordnance Survey
(1911a))
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Figure A.19: Ordnance Survey County Series 4*P Edition (1938) for the Control Site (from Ordnance Survey
(1938))
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Figure A.20: Ordnance Survey National Grid Series 1954 Revision for the Control Site (from Ordnance Survey

(1954b))
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Figure A.21: Ordnance Survey National Grid Series 1986 Revision for the Control Site (from Ordnance Survey

(1986))
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Site 1 Borehole Logs

Summary

e Scale 1:50 at original A4 size.
e All installations have a 51 mm internal diameter pipe.
e BH 03/4

— 5.5 m plain pipe. 0.5 m bentonite seal (0.5-1.0 m depth) and 1.0 m
bentonite seal (4.5-5.5 m depth).

— 22.0 m slotted pipe (5.5-27.5 m depth). Borehole terminates at 27.5 m.
Response zone 5.5-27.5 m depth.

— Response zone largely consists of unconsolidated material. Sand is light
brown to brown and fine to medium grain-sized with some slightly clayey
material below 11 m. Sand becomes damp below 15 m. This has impli-
cations for scrubbing of CO,. Below 19 m, there is a little fine angular
gravel and some fine coal fragments.

e BH 03/6

— 5.0 m plain pipe, 0.5 m bentonite seal (05-1.0 m depth) and 1.0 m ben-
tonite seal (4.0-5.0 m depth).

— 24.0 m slotted pipe (5.0-27.0 m depth). Borehole terminates at 29.0 m
depth (final 2.0 m plain pipe). Response zone 22.0 m (5.0-79.0 m depth).

— Response zone comprises a thick (22.0 m) layer of sand. The sand is dark
brown in colour and medium to coarse. It gradually becoming finer and
lighter in colour with increasing depth. The sand is wet below 7.0 m and
fine coal fragments are present below 12.0 m.

e BH 03/7
— 1.0 m of plain pipe with a 0.75 m bentonite seal (0.25-1.0 m depth).
— Slotted pipe 8.0 m (1.0-9.0 m depth). Response zone 8.0 m.

— Borehole terminates at 11.0 m below ground level.
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Upper most 3.0 m of the response zone comprises firm to stiff red-brown
sandy clay with a little fine to medium sub-angular gravel. This material
is not very permeable. Below 4.0 m to the end of the borehole, the
response zone comprises sand. The sand is initially light brown and fine,
and becomes increasingly darker and coarser with increasing depth. At
8.0 m, the sand becomes silty. The lower most 5.0 m of material is a

porous medium that enables gas transport.

e BH 06/13

3.5 m plain pipe (0-3.5 m depth) with 3.5 m bentonite seal.

Slotted pipe 3.5-34.5 m depth from surface. Borehole terminates at 34.5
m depth.

Response zone 31.0 m thick.

Response zone is comprised of medium dense brown fine to medium coarse
sand. From 14. 0 m depth, occasional fine coal fragments are present.
From 18.0 m depth, thin clay bands are present in the sand layer. From
27.0 m depth to the end of the borehole, the sand is dense brown fine
silty sand. This thick response area (31.0 m) consists of permeable and

porous material that allows the movement of gas.

e BH 06/14

3.5 m plain pipe (0-3.5 m depth from surface) with 3.5 m bentonite seal.
Slotted pipe 3.5-30.0 m depth (26.5 m). Response zone 26.5 m thick.
Borehole terminates at 30.0 m depth from ground level.

Response zone comprises 3.7 m (3.5-7.2 m depth) soft brown clayey silty
sand. 7.2-15.0 m depth contains fine brown sand. Below 15.5 m the sand

is fine to coarse with occasional thin clay binder.

e BH 06/19

Plain pipe 0-4.5 m depth with bentonite seal. This plain section of pipe
runs through made ground.

Slotted pipe 4.5-15.3 mm depth (10.8 m). Borehole terminates at 15.3
m depth.

Response zone comprises 4.5 m of soft brown clayey silty sand (4.5-9.0
m depth), a thin (0.5 m) layer of firm brown silty clay. Below 9.5 m,
the response zone is fine brown sand. The zone from 9.0 m to 14.5 m
is particularly permeable and porous for gas transport. The last 0.8 m
of the borehole is firm brown silty clay which acts as a barrier to gas

movement.
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TerraConsult Ltd

Client: Brock Plc Borehole No.
Tel: 01925291111
TerraConsult Bz 03/04
www.terraconsult.co.u - -
mallboxG torrasonsult co.uk Start: 07/01/2004 End: 14/01/2004 Sheet 1 0of 3
Project Name: Project No. |Co-ords: 388533E - 374488N Hole Type
Sandy Lane 02/260  |Ground Level: 183.17 m OD cp
L X Final depth (m) . X — Scale
Location: Macclesfield 2750 |-ogged: Checked: Drilled: 150
Samples & In Situ Testing Depth|  Level . Water
AOD, -
Depth (m) [Type,Ng Results (m) Jﬁ}cknesé Legend Stratum Description Strikes Well
Firm red brown sandy clay fill with some medium to coarse
0.20-0.30 D1 sub-rounded gravel and occasional brick fragments. (MADE GROUND)
050060 | D2 I I
100110 | D3 1 <200~ b i
2 24
200210 | D& 200 e s Firm to stiff red brown slightly sandy CLAY with a little fine
-| sub-angular gravel and some grey veining.
200310 | DS 3 <2005 [ 3
400 T4 179.17 4~
400-410 bs Light brown to brown fine to medium SAND.
500510 | D7 5 57
6.00-6.10 D8 6
700710 | Do 7 <600>
8.00-8.10 D10 8
900910 | DAL N
Type Results Continued next sheet
Remarks:

51mm ID slotted standpipe with geo-wrap installed from 27.50-5.50m. 51mm ID blank standpipe installed
from 5.50-G.L. Water added to aid boring at 12.00m and from 15.00-21.00m.

STRnGare TENaCoNSUN BOTENOIE LG 03100108

Figure B.1: Site 1

BH 03/4 Borehole Log (Part 1)
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TerraConsult Ltd . Borehole N
client: Brock Plc oreno’e No.
Tel: 01925 291111
TerraConsult @z 03/04
wwwenaconsultco.uk Start: 07/01/2004 End: 14/01/2004 Sheet 2 of 3
Project Name: Project No. |Co-ords: 388533E - 374488N Hole Type
Sandy Lane 02/260  |Ground Level: 183.17 m OD cp
L " Final depth (m) . . — Scale
Location: Macclesfield 2750 |-ogged: Checked: Drilled: 150
Samples & In Situ Testing Depth|  Level . Water
AOD) Stratum Description ; well
Depth (m) [Type.Nd Results ™ | e | -9 p Strikes B
10.00-10.10 | D2 10.00 17317 | Brown fine to medium SAND with a little medium to coarse
sub-angular to sub-rounded gravel.
<1.00>
1100 111 17217 ..
11.00-1110 | D13 | Brown slightly clayey fine to medium SAND.
12
12.00-12.50 B,1
<3.00>
13.00-13.10 D,14 13
1400 114 160.17
14.00-1410 | DS Brown in places slightly clayey fine to medium SAND, becoming wet
| below 15.00m.
1500-15.10 | D16 15
16.00-16.10 D17 1.
<5.00>
17.00-17.10 | DA8 R
18.00-18.10 D,19 18
19.00 119 164.17
19.00-19.10 | D20 Brown fine to medium SAND with a little fine angular gravel and
| fine coal fragments.
Type Results Continued next sheet
Remarks:

51mm ID slotted standpipe with geo-wrap installed from 27.50-5.50m. 51mm ID blank standpipe installed
from 5.50-G.L. Water added to aid boring at 12.00m and from 15.00-21.00m.

SRanGara TEraConSUN BOTEnOlE LG 0100108

Figure B.2: Site 1 BH 03/4 Borehole Log (Part 2)
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APPENDIX B. SITE 1 BOREHOLE LOGS

TerraConsult Ltd

Client: Brock Plc Borehole No.
Tel: 01925 291111
TerraConsult Bz 03/04
K It . K
moi”@?g;‘:goncsﬂlﬁcovuk Start: 07/01/2004 End: 14/01/2004 Sheet 3 of 3
Project Name: Project No. |Co-ords: 388533E - 374488N Hole Type
Sandy Lane 02/260  |Ground Level: 183.17 m OD cp
L X Final depth (m) . X — Scale
Location: Macclesfield 2750 |-ogged: Checked: Drilled: 150
Samples & In Situ Testing Depth|  Level . Water
ol °
Depth (m) [Type,Ng Results (m) Jmnegé Legend Stratum Description Strikes Well
20.00-20.10 | D21 Brown fine to medium SAND with a little fine angular gravel and
fine coal fragments.
<3.00>
21002110 | D22 2 217
22002210 | D23 2200 y22 10047 Brown fine SAND with some fine coal fragments. 2]
23.00-23.10 | D24 2 23
24002410 | D25 24 24"
<5.50>
25.0025.10 | D26 % 255
26.00-26.10 | D27 26 2677
27.0027.10 | D28 27 277
27.50 155.67 o
End of Borehole at 27.50 m
28 28
29 20
Type Results
Remarks:

51mm ID slotted standpipe with geo-wrap installed from 27.50-5.50m. 51mm ID blank standpipe installed
from 5.50-G.L. Water added to aid boring at 12.00m and from 15.00-21.00m.

STRnGare TENaCoNSUN BOTENOIE LG 03100108

Figure B.3: Site 1 BH 03/4 Borehole Log (Part 3)
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TerraConsult Ltd I Borehole N
Client: Brock Plc orehole No.
Tel: 01925291111
TerraConsult 35w 03/06
[SUAISHECONSIILCOIIN Start: 15/01/2004 End: 23/01/2004 Sheet 1 of 3
Project Name: Project No. |Co-ords: 388378E - 374639N Hole Type
Sandy Lane 02/260  |Ground Level: 179.95 m OD cp
. N Final depth (m . . Scale
Location: Macclesfield 29'%0( ) Logged:Driller Checked: Drilled: 1:50
Samples & In Situ Testing Depth|  Level . Water
Depth () [rypend P—— ™ | % Qgg) Legend Stratum Description Strikes Well
Firm brown sandy clay fill with some fine to coarse angular gravel.
0.20-0.30 D1 (MADE GROUND)

0.50-0.60 D2 I I
1 1™ "

1.00-1.10 D3

200210 | D4 2 <400> 27-5
3.00-3.10 D5 3 3
400 14 17595 2]

4.00-4.10 D6 Firm dark brown sandy CLAY with some roots.

<1.00>

500 15 17495

500510 | D7 Brown to light brown slightly clayey fine to medium SAND.

£y

<2.00>
6.00-6.20 D8

7.00 7 17295 o
700720 | D9 K :'| Brown medium to coarse SAND, wet below 7.00m.

8.00-820 | D10

<3.00>

9.00-920 | D11

Type Results Continued next sheet

Remarks:
51mm ID slotted standpipe with geo-wrap installed from 27.00-5.00m. 51mm ID blank standpipe installed
from 5.00-G.L. Water added to aid boring from 5.00-18.00m.

SRanGara TEraConSUN BOTEnOlE LG 0100108

Figure B.4: Site 1 BH 03/6 Borehole Log (Part 1)
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APPENDIX B. SITE 1 BOREHOLE LOGS

TerraConsult Ltd

Client: Brock Plc Borehole No.
Tel: 01925291111
TerraConsult @z 03/06
K It.co.uk . .
o Otonasonsuit so.uk Start: 15/01/2004 End: 23/01/2004 Sheet 2 of 3
Project Name: Project No. |Co-ords: 388378E - 374639N Hole Type
Sandy Lane 02/260  |Ground Level: 179.95 m OD cp
s X Final depth (m - . Scale
Location: Macclesfield 29_p00( ) Logged:Driller Checked: Drilled: 150
Samples & In Situ Testing Depth|  Level . Water
Depth (m) [Type,Ng Results (m) <$;‘i&$e[s)g> Legend Stratum Description Strikes Well
10.00-10.20 | D12 1000 169.95 Dark brown medium to coarse SAND, with some fine coal fragments
(Wet)
11 <2.00>
11.00-11.20 D13
12.00 112 167.95
12.00-12.20 | D14 Brown medium to coarse SAND. with some fine coal fragments (Wet)
13
13.00-13.20 | D,15
<3.00>
14
14.00-14.20 D16
15.00 115 164.95
15.00-15.20 | D17 Light brown medium to coarse SAND (Wet)
16 <2.00>
16.00-16.20 | D,18
17.00 117 162.95
17.00-17.20 | D19 Dark brown medium to coarse SAND with some fine to medium coal
fragments
18 <2.00>
18.00-18.20 | D,20
19.00 119 160.95
19.00-19.20 | D21 Light brown fine to medium SAND with occasional fine coal fragments
Type Results Continued next sheet
Remarks:
51mm ID slotted standpipe with geo-wrap installed from 27.00-5.00m. 51mm ID blank standpipe installed
from 5.00-G.L. Water added to aid boring from 5.00-18.00m.

STRnGare TENaCoNSUN BOTENOIE LG 03100108

Figure B.5: Site 1 BH 03/6 Borehole Log (Part 2)



APPENDIX B. SITE 1 BOREHOLE LOGS

TerraConsult Ltd . Borehole N
Client: Brock Plc orenole No.
Tel: 01925291111
TerraConsult @z 03/06
oo S Start: 15/01/2004 End: 23/01/2004 Sheet 3 of 3
Project Name: Project No. |Co-ords: 388378E - 374639N Hole Type
Sandy Lane 02/260  |Ground Level: 179.95 m OD cp
. N Final depth (m ! .
Location: Macclesfield MM | ogged:Driller  Checked:  Drilled: Scate
Samples & In Situ Testing Depth|  Level . Water
ol -
Depth (m) [Type,Ng Results (m) <§mn£§> Legend Stratum Description Strikes Wwell
20.00-20.20 | D22 { Light brown fine to medium SAND with occasional fine coal fragments
21
21.00-21.20 D,23
22
22002220 | D24
23 <8.00>
23002320 | D25
24
24.00-24.20 D,26
25
25.00-25.20 | D27
26
26.00-26.20 | D28
27.00 127 15295
27.00-27.20 | D,29 [— — 4 Soft to firm brown and grey sandy CLAY
<1.00>
2800 128 15195 |————1— 28+
28.00-28.20 | D,30 -| Firm to stiff brown and grey sandy CLAY
<1.00> =
29.00 D31 29.00 129 15095 [ — - - - - - - - - - - - - - - - - - 29
End of Borehole at 20.00 m
Type Results
Remarks:

51mm ID slotted standpipe with geo-wrap installed from 27.00-5.00m. 51mm ID blank standpipe installed

from 5.00-G.L. Water added to aid boring from 5.00-18.00m.

SRanGara TEraConSUN BOTEnOlE LG 0100108

Figure B.6: Site 1 BH 03/6 Borehole Log (Part 3)
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APPENDIX B. SITE 1 BOREHOLE LOGS

TerraConsult Ltd

Client: Brock Plc Borehole No.
Tel: 01925291111
TerraConsult @z 03/07
www.terraconsult.co.uk . B
mailbox@terraconsult. co.uk Start: 06/01/2004 End: 07/01/2004 Sheet 1 of 2
Project Name: Project No. |Co-ords: 388482E - 374720N Hole Type
Sandy Lane 02/260  |Ground Level: 169.15 m OD cp
. : Final depth (m .
Location: Macclesfield llpoo( )L ogged: Checked:  Drilled: sl?g'oe
Samples & In Situ Testing Depth|  Level . Water
AOD, Stratum Description ; well
Depth (m) [Type.Nd Results ™ | Ao | =295 p Strikes e
Firm red brown sandy CLAY with some rootlets.
020030 | D1
050060 | D2
100110 | D3 1 <200>
2
200210 | D& 200 toras = Firm to stiff red brown sandy CLAY with a little fine to medium
[ —| sub-angular gravel.
300310 | DS 3 <200 [T
400 14 16515 P
4.00-4.10 D6 Light brown fine SAND.
<1.00>
5.00 5 164.15
Brown fine to medium SAND.
500540 | Bl 050>
550 16365 -
Brown medium to coarse SAND.
6.00-6.10 D7 6
<250>
700710 | D8 7
800 18 16115
800810 | DS Brown fine to medium silty SAND.
<1.00>
900 19 16015 e
9.00-9.10 | D10 Soft to firm brown grey laminated CLAY.
<1.00>
Type Results Continued next sheet
Remarks:

from 1.00-G.

L. Water added to aid boring at 6.00m. Borehole backfilled with arisings

51mm ID slotted standpipe with geo-wrap installed from 9.00-1.00m. 51mm ID blank standpipe installed

STRnGare TENaCoNSUN BOTENOIE LG 03100108

Figure B.7: Site 1 BH 03/7 Borehole Log (Part 1)



APPENDIX B. SITE 1 BOREHOLE LOGS

TerraConsult Ltd

client: Brock Plc Borehole No.
Tel: 01925 291111
TerraConsult @z 03/07
e Lo Start: 06/01/2004 End: 07/01/2004 Sheet 2 of 2
Project Name: Project No. |Co-ords: 388482E - 374720N Hole Type
Sandy Lane 02/260  |Ground Level: 169.15 m OD cp
. N Final depth (m . . Scale
Location: Macclesfield 11%0( ) Logged: Checked: Drilled: 1:50
Samples & In Situ Testing Depth|  Level . Water
0 °
Depth (m) Type,Nd Results (m) <§mn£§> Legend Stratum Description Strikes Wwell
1000-10.10 | D.i1 1000 15915 = — — ! Firm to stiff brown slightly sandy CLAY with a little fine to
medium gravel and occasional small fragments of coal.
<1.00>
11.00 D12 11.00 111 158.15 et e — o — oo
End of Borehole at 11.00 m
12 124
13 134
14 14+
15 154
16 16
17 174
18 184
19 194
Type Results
Remarks:

51mm ID slotted standpipe with geo-wrap installed from 9.00-1.00m. 51mm ID blank standpipe installed

from 1.00-G.

L. Water added to aid boring at 6.00m. Borehole backfilled with arisings

SRanGara TEraConSUN BOTEnOlE LG 0100108

Figure B.8: Site 1 BH 03/7 Borehole Log (Part 2)
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APPENDIX B. SITE 1 BOREHOLE LOGS

TerraConsult Ltd I Borehole N
Client: Brock Plc oreno’e No.
Tel: 01925291111
TerraConsult Bz 06/13
www.terraconsult.co.u - -
mallboxG torrasonsult co.uk Start: 14/09/2006 End: 15/09/2006 Sheet 1 0of 4
Project Name: Project No. |Co-ords: - Hole Type
Sandy Lane 02/260  |Ground Level: - CcP
L X Final depth (m) .. i — Scale
Location: Macclesfield 3450  |-ogged:Driller Checked: Drilled: 150
Samples & In Situ Testing Depth|  Level . Water
AOD; .
Depth (m) [Type,Nqj Results (m; <$;;cknesg> Legend Stratum Description Strikes well
<0.30> TOPSOIL
0.30
Firm brown sandy Bouldery CLAY, with occational sand bands.
1 1
1.50-1.95 SPT =11
150 D1 (1.2/3,2,3.3)
2 <340> 2
3.00-3.45 SPT N=12 3 34
3.00 D2 (1,2/2,3.3,4)
3.70
Medium dense brown fine to medium coarse SAND.
4
4.50 D3
5.00-5.45 SPT =22 5
(2,3/5,5,6,6)
6.00 D4 6
7
7.50 D5
8.00-8.45 SPT N=26 8
(2/4/5,6,7,8)
<10.30>
9.00 D6 9
Type Results Continued next sheet
Remarks:

All strata descritpions logged by driller.

STRnGare TENaCoNSUN BOTENOIE LG 03100108

Figure B.9: Site 1 BH 06/13 Borehole Log (Part 1)



APPENDIX B. SITE 1 BOREHOLE LOGS 237

TerraConsult Ltd

Client: Brock Plc Borehole No.
Tel: 01925291111
TerraConsult @z 06/13
W‘”””‘e"ac""su"-‘:“;“,";n ok Start: 14/09/2006 End: 15/09/2006 Sheet 2 of 4
Project Name: Project No. |Co-ords: - Hole Type
Sandy Lane 02/260 |Ground Level: - cP
L . Final depth (m) .. . — Scale
Location: Macclesfield 3450  |-ogged:Driller Checked: Drilled: 1°50
Samples & In Situ Testing Depth|  Level . Water
AOD) -
Depth (m) [Type,Ng Results (m) ﬁcknesé Legend Stratum Description Strikes Wwell
: { Medium dense brown fine to medium coarse SAND.
10.50 D7
1100-11.45 | SPT N=30 1
(3,4/16,7,89)
12.00 D8 12
13
13.50 D9
1400 T14
Dense brown fine to medium course SAND, with occational fine coal
| fragments. Comprise thin clay bands from 18.0 m.
15.00-15.45 SPT N=33 15
15.00 D10 (3517,899)
16
16.50 D11
17
18.00 D12 18
18.00m - 27.00m: The sand layer comprise thin clay bands
19
19.50 D13
Type Results Continued next sheet
Remarks:

All strata descritpions logged by driller.

SRanGara TEraConSUN BOTEnOlE LG 0100108

Figure B.10: Site 1 BH 03/7 Borehole Log (Part 2)
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APPENDIX B. SITE 1 BOREHOLE LOGS

TerraConsult Ltd

client: Brock Plc Borehole No.
Tel: 01925 291111
TerraConsult @z 06/13
K It.co.uk . K
e o Start: 14/09/2006 End: 15/09/2006 Sheet 3 0f 4
Project Name: Project No. |Co-ords: - Hole Type
Sandy Lane 02/260  |Ground Level: - CcP
s X Final depth (m - . Scale
Location: Macclesfield 34_p50( ) Logged:Driller Checked: Drilled: 150
Samples & In Situ Testing Depth|  Level . Water
Ol .
Depth () [rypend P— ™ | < %:‘. &net;; Legend Stratum Description Strikes Well
Dense brown fine to medium course SAND, with occational fine coal
fragments. Comprise thin clay bands from 18.0 m.
<13.00>
21.00 D,14 21
22
22.50 D,15
23
24.00 D,16 24
25
25.50 D17
26
27.00 D,18 27.00 127
Dense brown fine silty SAND.
28
28.50 D19
29
Type Results Continued next sheet
Remarks:
All strata descritpions logged by driller.

STRnGare TENaCoNSUN BOTENOIE LG 03100108

Figure B.11: Site 1 BH 06/13 Borehole Log (Part 3)



APPENDIX B. SITE 1 BOREHOLE LOGS

TerraConsult Ltd

client: Brock Plc Borehole No.
Tel: 01925 291111
TerraConsult @z 06/13
b i S Start: 14/09/2006 End: 15/09/2006 Sheet 4 of 4
Project Name: Project No. |Co-ords: - Hole Type
Sandy Lane 02/260  |Ground Level: - CcP
. N Final depth (m I . Scale
Location: Macclesfield 34%0( ) Logged:Driller Checked: Drilled: 1:50
Samples & In Situ Testing Depth|  Level . Water
Depth (m) [Type,Nq Results m) <‘|{mé?<ge[5)g> Legend Stratum DeSC”pthn Strikes Well
30.00 b.20 *..” %! Dense brown fine silty SAND.
<7.50>
31
3150 D21
32
33.00 D22 33
34
34.50 D23 34.50 T
End of Borehole at 34.50 m
35 359
36 36
37 374
38 381
39 39
Type Results
Remarks:

All strata descritpions logged by driller.

SRanGara TEraConSUN BOTEnOlE LG 0100108

Figure B.12: Site 1 BH 06/13 Borehole Log (Part 4)
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APPENDIX B. SITE 1 BOREHOLE LOGS

TerraConsult Ltd

client: Brock Plc Borehole No.
Tel: 01925 291111
TerraConsult Bz 06/14
www.terraconsult.co.ul . -
e o Start: 14/09/2006 End: 15/09/2006 Sheet 10f 3
Project Name: Project No. |Co-ords: - Hole Type
Sandy Lane 02/260  |Ground Level: - CcP
L X Final depth (m) .. i — Scale
Location: Macclesfield 30.00  |-ogged:Driller Checked: Drilled: 150
Samples & In Situ Testing Depth|  Level . Water
AOD; .
Depth (m) [Type.nd Rosults ™ | - %:;cknesg) Legend Stratum Description Strikes well
<0.20> TOPSOIL
0.20
| | Firm brown motted CLAY
0.50-1.50 D1 1 14
1.50-1.95 SPT =17
(2,3/4,4,4,5) =t
1.50-2.00 D2 —— —
<3.40>
2 P 24
2.50-3.00 D3 Bt
3.00-3.45 SPT N=15 3 s 34
(2,3/3,4,5.3)
3.00-3.50 D4 =——
3.60
Soft brown clayey silty SAND
4
4.00-5.00 DS
5.00-5.45 SPT N=9 5
(222322
5.00-5.50 D.6
<3.60>
6
7
6:50-8.00 b7 72 Fine brown SAND
8.00-8.45 SPT N=15 8
(2,3/4,3,4,4)
8.00-8.50 D8
9
Type Results Continued next sheet
Remarks:

All strata descriptions logged by driller

STRnGare TENaCoNSUN BOTENOIE LG 03100108

Figure B.13: Site 1 BH 06/14 Borehole Log (Part 1)
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TerraConsult Ltd

client: Brock Plc Borehole No.
Tel: 01925 291111
TerraConsult @z 06/14
oo S Start: 14/09/2006 End: 15/09/2006 Sheet 2 of 3
Project Name: Project No. |Co-ords: - Hole Type
Sandy Lane 02/260  |Ground Level: - CcP
L . Final depth (m) .. . — Scale
Location: Macclesfield 30.00  |-ogged:Driller Checked: Drilled: 1°50
Samples & In Situ Testing Depth|  Level . Water
Ol N
Depth (m) Type,Nd Results (m) <§mn£§> Legend Stratum Description Strikes Well
K { Fine brown SAND
10.00-11.00 D9
11.00-1145 | SPT N=15 11
(4,3/3,4,5,.3)
11.00-11.50 | D,10
<8.30>
12
13
12.00-15.00 D11
14
15.00-15.45 SPT N=18 15
(3,3/5,4,45)
15.50 - - " - -
{ Brown fine to coarse SAND, with occational thin clay binder.
16
17
16.50-18.00 | D,12
18
18.00-19.50 D13
19
D,14
Type Results Continued next sheet
Remarks:

All strata descriptions logged by driller

SRanGara TEraConSUN BOTEnOlE LG 0100108

Figure B.14: Site 1 BH 06/14 Borehole Log (Part 2)
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APPENDIX B.

SITE 1 BOREHOLE LOGS

TerraConsult Ltd

client: Brock Plc Borehole No.
Tel: 01925 291111
TerraConsult @z 06/14
K It.co.uk . K
e o Start: 14/09/2006 End: 15/09/2006 Sheet 30f 3
Project Name: Project No. |Co-ords: - Hole Type
Sandy Lane 02/260  |Ground Level: - CcP
s X Final depth (m - . Scale
Location: Macclesfield 3o.poo( ) Logged:Driller Checked: Drilled: 150
Samples & In Situ Testing Depth|  Level . Water
Ol .
Depth (m) [Type,Ng Results (m) Jmnegé Legend Stratum Description Strikes well
Brown fine to coarse SAND, with occational thin clay binder.

19.50-21.00

21
21.00-2250 | D,15

22

<14.50>

23
22.50-24.00 | D,16

24
24.00-25.50 | D,17

25

26
25.50-27.00 | D,18

27
27.00-28.50 | D,19

28

29
28.50-30.00 | D,20

Type Results End of Borehole at 30.00 m

Remarks:

All strata descriptions logged by driller

STRnGare TENaCoNSUN BOTENOIE LG 03100108

Figure B.15: Site 1 BH 06/14 Borehole Log (Part 3)



APPENDIX B. SITE 1 BOREHOLE LOGS

243

TerraConsult Ltd

Client: Brock Plc Borehole No.
Tel: 01925 291111
TerraConsult @z 06/19
b i S Start: 18/09/2006 End: 19/09/2006 Sheet 1 0of 2
Project Name: Project No. |Co-ords: - Hole Type
Sandy Lane 02/260  |Ground Level: - CcP
L . Final depth (m) .. . — Scale
Location: Macclesfield 1530 |Logged:Driller Checked: Drilled: 1°50
Samples & In Situ Testing Depth|  Level . Water
AOD; -
Depth (m) [Type.nd Rosults ™ | - ;mckn%; Legend Stratum Description Strikes Well
Soft brown CLAY fill. MADE GROUND
1 1
1.50-1.95 SPT N=7
(1,211,2,2,2)
1.50-2.00 D1
2 24
<4.40>
3.00-3.45 SPT N=9 3 34
(1,23,2,2,2)
3.00-3.50 D2
4 4+
4.40 "
Soft brown Clayey silty SAND
5.00-5.45 SPT N=8 5
(1,211,2,32)
5.00-5.50 D3
6
<4.60>
7
8.00-8.45 SPT N=7 8
(1,212,1,2,2)
8.00-8.50 D4
9.00 9
Firm brown silty CLAY
<0.40> -
9.40 e ]
Fine brown SAND
9.50-10.00 D5
Type Results Continued next sheet
Remarks:

All strata descriptions logged by driller

SRanGara TEraConSUN BOTEnOlE LG 0100108

Figure B.16: Site 1 BH 06/19 Borehole Log (Part 1)



244 APPENDIX B. SITE 1 BOREHOLE LOGS

TerraConsult Ltd

client: Brock Plc Borehole No.
Tel: 01925 291111
TerraConsult Bz 06/19
Al It. . .
o Otonasonsuit so.uk Start: 18/09/2006 End: 19/09/2006 Sheet 2 of 2
Project Name: Project No. |Co-ords: - Hole Type
Sandy Lane 02/260  |Ground Level: - CcP
L X Final depth (m) .. i — Scale
Location: Macclesfield 1530  |Logged:Driller Checked: Drilled: 150
Samples & In Situ Testing Depth|  Level . Water
Ol .

Depth (m) [Type,Ng Results (m) Jmnegé Legend Stratum Description Strikes well
10.00-10.45 | SPT (2‘3514:;'75‘4) Fine brown SAND
10.00-10.50 D6

11 114
12.00-12.45 | SPT N=19 12 <5.20> Y, 124

(3,3/54,5,5) vk

12.00-12.50 D7

13 134

14 14+

14.60 —
14.60-14.80 | D8 — — 1 Firm brown silty CLAY
14.80-15.25 SPT N=16 - - — -
(2:3/4,4,35) 070> |———
14801530 | D9 15 <01 159
15.30 e L e —

End of Borehole at 15.30 m

16 16
17 17+
18 184
19 19+

Type Results

Remarks:
All strata descriptions logged by driller

Figure B.17: Site 1 BH 06/19 Borehole Log (Part 2)

STRnGare TENaCoNSUN BOTENOIE LG 03100108



Appendix C

Site 2 Borehole Logs

Summary

e Scale 1:50 at original A4 size.

e Perimeter boreholes were not logged by original contractor in 1998.

e Boreholes drilled later (2007) by TerraConsult Ltd. These later logs were used
for reference.

e Boreholes typically around 25.0 m deep.

e Boreholes are situated in glacial deposits. The glacial deposits are comprised
mainly of glacial clay with occasional sand lenses. The response zones (slotted
pipe sealed with bentonite at either end) are designed to capture gas from
these regions in the sub-surface profile.

e The sand lenses tend to be 0.5-1.5 m thick and contain fine to coarse sand
along with fine to coarse gravel that is sub-angular to sub-rounded originating
from sandstone and mudstone. These sand lenses should provide channels for

gas transport.

245



246 APPENDIX C. SITE 2 BOREHOLE LOGS

Terraconsult Borehole No
Tel: 01925 291111
I erraconsu’t Fax: 01925 291191 07/20
email: mailbox@terraconsult.co.uk
Sheet 1 of 3
Project Name Project No. o ’ Hole Type
Tenement Lane 0610 0-ords: - Cable
Location:  Cheadle Hulme Scale
Level:  65.00 m AOD .
1:50
) . . Logged By
Client: Biffa Waste Services Dates:  08/01/2007-10/01/2007 EJL
Water Samples & In Situ Testing Depth | Level -
Well - |giikes Depth () | Type Results (m) |m AoOD) Legend Stratum Description
Soft brown, sandy (fine to coarse) CLAY with occasional fine to
coarse, sub-angular to sub-rounded gravel of brick, wood,
concrete and sandstone (MADE GROUND).
0.50 D
F1
1.50 D
. . X 2
200 b 200 63.00 Stiff grey brown, slightly sandy (fine to coarse) CLAY with
— — —| occasional fine to medium, angular to sub-rounded gravel of
sandstone, mudstone and rare coal fragments. (GLACIAL TILL -
—— cLAY)
Becoming browner from 4.00m.
F3
4.00 D - [a
5.00 D ] [s
6.00 b 6.00 59.00 Light brown, silty fine SAND. (GLACIAL TILL - SAND)
Sand moist.
6.50 b 6.50 | 58.50 —  Firm to stiff grey brown mottled grey in places, slightly sandy
(fine to medium) CLAY. (GLACIAL TILL - CLAY)
- F7
X X 00 F——— 8
8.00 b 8.00 57.00 . Brown grey, thinly laminated silty fine SAND. (GLACIAL TILL -
SAND)
9.00 D PR Lo |
syt 9.50 b .50 | 85.50 Firm to stiff grey brown, slightly sandy (fine to coarse) CLAY 3
- I — — —|  with occasional fine to medium, sub-angular to sub-rounded T
Type Results Continued next sheet i
Remarks: 51 mm ID slotted standpipe with 150 micron filter wrap and end-cap installed from 24.50 m :
bgl to 21.50 m bgl. 19 mm ID slotted standpipe with 150 micron filter wrap and end-cap g
installed from 9.50 m bgl to 7.50 m bgl. Borehole completed with gas bung and valve and AGS 4
raised cover. Groundwater strike at 18.50 m. H

Figure C.1: Site 2 BH 07/20 Borehole Log (Part 1)



APPENDIX C. SITE 2 BOREHOLE LOGS

Terraconsult Borehole No
Tel: 01925 291111
I erraconsu’t Fax: 01925 291191 07/20
email: mailbox@terraconsult.co.uk
Sheet 2 of 3
Project Name Project No. Co-ord Hole Type
Tenement Lane 0610 0-ords: - Cable
Location:  Cheadle Hulme Scale
Level:  65.00 m AOD 1:50
. . . Logged By
Client: Biffa Waste Services Dates:  08/01/2007-10/01/2007 EJL
Water Samples & In Situ Testing Depth | Level -
Well |Sirikes Depth (m) | Type Results (m) |(m AOD)| Legend Stratum Description
gravel of mudstone and sandstone. (GLACIAL TILL - CLAY)
- Becoming damper at approximately 11.50m.
10.50 D
== F11
11.50 D L
=== 12
12.50 D
F13
14.00 D - [ 14
14.50 D =g
— F15
15.50 D =
[ 16
16.50 D ey
ey F17
17.50 D —
X X . 18
18.00 D 18.00 | 47.00 Red brown, clayey fine to medium SAND with occasional fine to
coarse gravel of sub-rounded sandstone. (GLACIAL TILL - SAND)
i . X 19 %
18?8 g :‘]ggg iggg s Very soft red brown, sandy (fine to medium) CLAY with occasional
fine to coarse, sub-angular to sub-rounded gravel of sandstone.
(GLACIAL TILL - CLAY)
Firm to stiff red brown, sandy (fine to coarse) slightly
gravelly CLAY. Gravel is fine to medium, sub-angular to
Type Results Continued next sheet

Remarks: 51 mm ID slotted standpipe with 150 micron filter wrap and end-cap installed from 24.50 m
bgl to 21.50 m bgl. 19 mm ID slotted standpipe with 150 micron filter wrap and end-cap
installed from 9.50 m bgl to 7.50 m bgl. Borehole completed with gas bung and valve and
raised cover. Groundwater strike at 18.50 m.

AGS

Figure C.2: Site 2 BH 07/20 Borehole Log (Part 2)

HoleBASE ll(B1d 414.8) Standard Borehole Log
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248 APPENDIX C. SITE 2 BOREHOLE LOGS

Terraconsult Borehole No
Tel: 01925 291111
I erraconsu’t Fax: 01925 291191 07/20
email: mailbox@terraconsult.co.uk
Sheet 3 of 3
Project Name Project No. o ’ Hole Type
Tenement Lane 0610 0-ords: - Cable
Location:  Cheadle Hulme Scale
Level:  65.00 m AOD 1:50
. ) ) Logged By
Client: Biffa Waste Services Dates:  08/01/2007-10/01/2007 EJL
Water Samples & In Situ Testing Depth | Level -
Well |Sirikes Depth (m) | Type Results (m) |m AOD) Legend Stratum Description
i sub-rounded of sandstone with occcasional mudstone. (GLACIAL
TILL - CLAY)
2050 b 2050 | 44.50 Red brown, very sandy slightly clayey GRAVEL. Gravel is fine to
coarse, sub-angular to sub-rounded of mudstone and sandstone.
(GLACIAL TILL - GRAVEL)
. . 21
21.00 | 44.00 Firm to stiff grey brown, slightly sandy (fine) CLAY with
- — —| occasional gravel of fine to medium, sub-angular to sub-rounded
e mudstone and sandstone. (GLACIAL TILL - CLAY)
21.50 D o
t22
22.50 D —
23
23.50 D =
2370 b 2370 | 4130 Grey and brown, slightly sandy (fine to coarse) GRAVEL with some
g cobbles. Gravel is fine to coarse, sub-rounded to sub-angular [
24.00 D 24.00 | 41.00 of sandstone and mudstone. Cobbles of same lithology. (GLACIAL 2
TILL - GRAVEL)
Dark brown red, slightly clayey fine SAND with some fine to
24.50 D 24.50 | 40.50 . coarse sub-angular to sub-rounded gravel sized fragments of very ’
+_weak sandstone. (WEATHERED SANDSTONE)
End of Borehole at 24.50 m
f-25
26
t-27
28
5
Type Results H
Remarks: 51 mm ID slotted standpipe with 150 micron filter wrap and end-cap installed from 24.50 m :
bgl to 21.50 m bgl. 19 mm ID slotted standpipe with 150 micron filter wrap and end-cap g
installed from 9.50 m bgl to 7.50 m bgl. Borehole completed with gas bung and valve and AGS 4
raised cover. Groundwater strike at 18.50 m. H

Figure C.3: Site 2 BH 07/20 Borehole Log (Part 3)



APPENDIX C. SITE 2 BOREHOLE LOGS

Terraconsult Borehole No
Tel: 01925 291111
I erraconsu’t Fax: 01925 291191 07/21
email: mailbox@terraconsult.co.uk
Sheet 1 of 3
Project Name Project No. Covord Hole Type
Tenement Lane 0610 0-ords: - Cable
Location:  Cheadle Hulme Scale
Level:  68.00 m AOD 1:50
. . . Logged By
Client: Biffa Waste Services Dates:  11/01/2007-12/01/2007 EJL
Water Samples & In Situ Testing Depth | Level -
Well | ikes| Depth (m) | Type Results (m) |(m AOD)| Legend Stratum Description
5 Soft brown, sandy CLAY and stone (drillers description) (MADE
GROUND).
1.00 D 1
1. D 1. .
%0 50 | 66.50 Stiff brown mottled red and black, slightly sandy (fine to
- — —| medium) CLAY. (GLACIAL TILL - CLAY)
[z 3] r2
250 D -
= rs
3.50 D 3.50 | 6450 — Firm to stiff, grey brown, slightly sandy (finemedium) CLAY
with occasional fine to medium, sub-angular to sub-rounded
gravel of sandstone and mudstone. (GLACIAL TILL - CLAY)
== L4
4.50 D
iy rs
550 D ===
[ ré
6.60 D 6.50 61.50 [ —— Firm brown, slightly sandy (fine) CLAY with occasional fine to
medium, angular gravel of coal. (GLACIAL TILL - CLAY)
I F7
7.50 D 7.50 | 6050 | — — 4 Firm brown, slightly sandy (fine) CLAY with occasional fine to
medium, angular gravel of coal and occasional gravel-sized
=~ lenses of fine sand. (GLACIAL TILL - CLAY)
= r8
8.50 D
|t L ;
)
9.50 b 9.50 | 5850 =—— Firm brown CLAY with rare fine to medium, sub-rounded gravel of E
e mudstone and occasional gravel-sized lenses of fine sand. ®
Type Results Continued next sheet H
Remarks: 51 mm ID slotted standpipe with 150 micron filter wrap and end-cap installed from 25.30 m i
bgl to 22.30 m bgl. Borehole completed with gas bung and valve and raised cover. E
Groundwater strike at 20.90 m (rose to 17.20 m) and 22.50 m (rose to 17.60 m). AGS ]

Figure C.4: Site 2 BH 07/21 Borehole Log (Part 1)
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APPENDIX C. SITE 2 BOREHOLE LOGS

Terraconsult Borehole No
Tel: 01925 291111
I erraconsu’t Fax: 01925 291191 07/21
email: mailbox@terraconsult.co.uk
Sheet 2 of 3
Project Name Project No. o ’ Hole Type
Tenement Lane 0610 0-ords: - Cable
Location:  Cheadle Hulme Scale
Level:  68.00 m AOD 1:50
) . . Logged By
Client: Biffa Waste Services Dates:  11/01/2007-12/01/2007 EJL
Water Samples & In Situ Testing Depth | Level -
Well - |giikes Depth () | Type Results (m) |m AOD) Legend Stratum Description
(GLACIAL TILL - CLAY)
10-50 b 10.50 | 57.50 Firm brown, slightly sandy (fine to medium) CLAY. (GLACIAL TILL
- CLAY)
Eatie =11
11.50 D =
12
12.50 D i
B L13
13.50 b 13.50 | 54.50 — Firm brown CLAY with occasional gravel-sized lenses of fine to
medium sand. (GLACIAL TILL - CLAY)
== L4
14. D 14. X
50 50 | 5350 Firm brown, slightly sandy (fine to medium) CLAY with occasional
fine, sub-angular to sub-rounded gravel of mudstone and
sandstone. (GLACIAL TILL - CLAY)
iy r15
15.50 D =alis]
[ 16
16.50 D |
— F17
17.50 b 17.50 | 80.50 = Stif, brown, sandy (fine to medium) CLAY with rare sub-angular,
fine to medium gravel of mudstone. (GLACIAL TILL - CLAY)
—— 18
1850 D 1850 | 4950 = | Stiff brown CLAY. (GLACIAL TILL - CLAY)
19
1950 b 19.50 | 48.50 Brown mottled red, very clayey, gravelly fine to coarse SAND.
Gravel is fine to medium, sub-angular to sub-rounded of
Type Results Continued next sheet

Remarks: 51 mm ID slotted standpipe with 150 micron filter wrap and end-cap installed from 25.30 m

bgl to 22.30 m bgl. Borehole completed with gas bung and valve and raised cover.
Groundwater strike at 20.90 m (rose to 17.20 m) and 22.50 m (rose to 17.60 m).

AGS

Figure C.5: Site 2 BH 07/21 Borehole Log (Part 2)

HoleBASE ll(B1d 414.8) Standard Borehole Log v1 dated 26th Mar 03



APPENDIX C. SITE 2 BOREHOLE LOGS

Terraconsult Borehole No
Tel: 01925 291111
I erraconsu’t Fax: 01925 291191 07/21
email: mailbox@terraconsult.co.uk
Sheet 3 of 3
Project Name Project No. Co-ord Hole Type
Tenement Lane 0610 0-ords: - Cable
Location:  Cheadle Hulme Scale
Level:  68.00 m AOD 1:50
. . . Logged By
Client: Biffa Waste Services Dates:  11/01/2007-12/01/2007 EJL
Water Samples & In Situ Testing Depth | Level -
Well |Sirikes Depth (m) | Type Results (m) |(m AOD)| Legend Stratum Description
; sandstone and mudstone. (GLACIAL TILL - SAND)
20.20 D 20.20 | 47.80 ———
——— Firm brown, thinly laminated CLAY with sandy (fine to medium)
partings. (GLACIAL TILL - CLAY)
2 ==
20.90 b 2090 | 47.10 Brown, gravelly, fine to coarse SAND. Gravel is fine to coarse, F21
sub-angular to sub-rounded of sandstone and mudstone. (GLACIAL
TILL - SAND)
2150 b 2180 | 46.50 Firm brown, thinly laminated CLAY with sandy (fine to medium)
— — | partings. (GLACIAL TILL - CLAY)
[z 3] 22
2250 b 2280 | 45.80 : Brown, fine to coarse SAND and GRAVEL with occasional
sub-angular to sub-rounded cobbles of sandstone and mudstone.
Gravel is fine to coarse, sub-angular to sub-rounded of
sandstone and mudstone. (GLACIAL TILL - SAND AND GRAVEL) r23
23.50 D
. ! X 24
24.00 b 24.00 | 44.00 Dark brown red, slightly clayey, fine SAND with some fine to
coarse, sub-angular to sub-rounded gravel-sized fragments of
very weak sandstone (WEATHERED SANDSTONE)
25.00 D 25
25.50 D 2550 | 42.50 e EEE LT
End of Borehole at 25.50 m
26
27
28
29
Type Results

Remarks: 51 mm ID slotted standpipe with 150 micron filter wrap and end-cap installed from 25.30 m

bgl to 22.30 m bgl. Borehole completed with gas bung and valve and raised cover.
Groundwater strike at 20.90 m (rose to 17.20 m) and 22.50 m (rose to 17.60 m).

AGS

Figure C.6: Site 2 BH 07/21 Borehole Log (Part 3)

HoleBASE Il (B1d 414.8) Standard Borehole Log v1 dated 26th Mar 03
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APPENDIX C. SITE 2 BOREHOLE LOGS

Terraconsult Borehole No
Tel: 01925 291111
I erraconsu’t Fax: 01925 291191 07/22
email: mailbox@terraconsult.co.uk
Sheet 1 of 3
Project Name Project No. Coord Hole Type
Tenement Lane 0610 0-ords: - Cable
Location:  Cheadle Hulme Scale
Level:  68.00 m AOD 1:50
. ) ) Logged By
Client: Biffa Waste Services Dates:  17/01/2007-18/01/2007 EJL
Water Samples & In Situ Testing Depth | Level -
Well |Sirikes Depth (m) | Type Results (m) |m AoOD) Legend Stratum Description
Soft very dark brown, sandy (fine to coarse) CLAY with
occasional fine to medium, sub-angular to sub-rounded gravel of
mudstone and sandstone. (GLACIAL TILL - CLAY)
0.50 D
1
1.20 b 120 | 6680 — Stiff to very stiff brown mottled grey, slightly sandy (fine to
medium) CLAY with occasional gravel-sized lenses of fine to
== medium sand. (GLACIAL TILL - CLAY)
2.00 D -2
. D X . = 3
3.00 300 | 65.00 — Firm brown mottled grey, slightly sandy (fine to medium) CLAY.
(GLACIAL TILL - CLAY)
4.00 D - [a
5.00 D - [s
6.00 b 6.00 | 62.00 —— Firm grey brown CLAY with occasional fine, angular to
sub-angular gravel of coal. (GLACIAL TILL - CLAY)
| | . 7
7.00 b 700 | 61.00 1= Firm brown, slightly sandy (fine) CLAY with rare fine, angular
to sub-angular gravel of coal and mudstone. (GLACIAL TILL -
3 = CLAY)
. 8.00 D F8
9.00 b 800 | 59.00 —— Firm brown, slightly sandy (fine) CLAY with rare fine to medium,
angular to sub-rounded gravel of coal and sandstone. (GLACIAL
- — TILL - CLAY)
Type Results Continued next sheet

Remarks: 51 mm ID slotted standpipe with 150 micron filter wrap and end-cap installed from 23.50 m
bgl to 20.50 m bgl. 19 mm ID slotted standpipe with 150 micron filter wrap and end-cap
installed from 13.30 m bgl to 11.30 m bgl. Borehole completed with gas bung and valve and
raised cover. Groundwater strike at 19.00 m (rose to 15.40 m).

AGS

Figure C.7: Site 2 BH 07/22 Borehole Log (Part 1)

HoleBASE ll(B1d 414.8) Standard Borehole Log v1 dated 26th Mar 03
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Terraconsult Borehole No
Tel: 01925 291111
I erraconsu’t Fax: 01925 291191 07/22
email: mailbox@terraconsult.co.uk
Sheet 2 of 3
Project Name Project No. Co-ord Hole Type
Tenement Lane 0610 0-ords: - Cable
Location:  Cheadle Hulme Scale
Level:  68.00 m AOD .
1:50
. . . Logged By
Client: Biffa Waste Services Dates:  17/01/2007-18/01/2007 EJL
Water Samples & In Situ Testing Depth | Level -
Well | ikes| Depth (m) | Type Results (m) |(m AOD)| Legend Stratum Description
10.00 D Firm brown, slightly sandy (fine) CLAY with rare fine to medium,
- — —|  angular to sub-rounded gravel of coal and sandstone. (GLACIAL
— — — TILL - CLAY)
. B i 1"
11.00 D 11.00 | 57.00 Firm to stiff brown, slightly sandy (fine to medium) CLAY with
- — —| occasional fine to medium, sub- angular to sub-rounded gravel of
e sandstone and mudstone. (GLACIAL TILL - CLAY)
11. D 1. . .
50 50 | 5650 Red brown, very clayey, slightly gravelly, fine to coarse SAND.
Gravel is fine to medium, sub-angular to sub-rounded of mudstone
i and sandstone. (GLACIAL TILL - SAND)
12.00 D i F12
13.00 D R F13
13.50 D 13.50 | 54.50 — Firm red brown, sandy (fine to coarse) CLAY with occasional fine
to medium, sub-angular to sub-rounded gravel of mudstone and
sandstone. (GLACIAL TILL - CLAY)
14.00 D ——- [14

15.00 D 15.00 | 53.00

Firm brown, slightly sandy (fine to medium) CLAY. (GLACIAL TILL

- CLAY]
v )

16.00 D 16.00 | 52.00 16
— — - Firm brown, slightly sandy (fine to medium) CLAY with occasional
fine to medium, sub-angular gravel of mudstone. (GLACIAL TILL -
CLAY;

17.00 D 17.00 | 51.00 17
— Firm brown, thinly laminated CLAY with occasional fine to

medium, angular to sub-angular gravel of coal with sandy (fine)
partings. (GLACIAL TILL - CLAY)

Remarks: 51 mm ID slotted standpipe with 150 micron filter wrap and end-cap installed from 23.50 m
bgl to 20.50 m bgl. 19 mm ID slotted standpipe with 150 micron filter wrap and end-cap
installed from 13.30 m bgl to 11.30 m bgl. Borehole completed with gas bung and valve and AGS
raised cover. Groundwater strike at 19.00 m (rose to 15.40 m).

18.00 D 18.00 | 50.00 18
e Stiff brown, slightly sandy (fine to coarse) CLAY with
occasional fine to medium, sub-angular gravel of mudstone and
some sandstone. (GLACIAL TILL - CLAY)
z 19.00 D 19.00 | 49.00 = 19 E
Ie Brown fine to coarse SAND with occasional fine to coarse, &
sub-angular to sub-rounded gravel of mudstone and sandstone. £
(GLACIAL TILL - SAND) T
g
19.60 D 19.60 | 48.40 E
| — — - Very stiff brown, thinly laminated CLAY with occasional fine to H
Type Results Continued next sheet 5
i
4
H

Figure C.8: Site 2 BH 07/22 Borehole Log (Part 2)
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Terraconsult Borehole No
Tel: 01925 291111
I erraconsu’t Fax: 01925 291191 07/22
il: mailbox@t It.co.uk
email: mal ox@ erraconsult.co.u Sheet 3 0f3
Project Name Project No. Hole Type
Co-ords: -
Tenement Lane 0610 Cable
Location: Cheadle Hulme Scale
Level:  68.00 m AOD 1:50
Logged By
Client: Biffa Waste Services Dates:  17/01/2007-18/01/2007 EJL
Wate Samples & In Situ Testin Depth | Level
Well sn?k:rs Depth (mg Type Results 9 (er.’i) (m %‘?D) Legend Stratum Description
medium, sub-angular to sub-rounded gravel of sandstone and
- — —| mudstone with occasional sandy (fine) partings. (GLACIAL TILL -
—— —| CLAY)
21.00 D = F21
21.50 b 21.50 | 4650 Dark brown red, slightly clayey, fine SAND with some fine to
coarse, sub-angular to sub-rounded gravel-sized fragments of
very weak sandstone (WEATHERED SANDSTONE)
22
23.00 D F23
2350 | 44.50 [ e L T T
End of Borehole at 23.50 m
24
25
26
27
28
:
Type Results %
Remarks: 51 mm ID slotted standpipe with 150 micron filter wrap and end-cap installed from 23.50 m :
bgl to 20.50 m bgl. 19 mm ID slotted standpipe with 150 micron filter wrap and end-cap g
installed from 13.30 m bgl to 11.30 m bgl. Borehole completed with gas bung and valve and AGS 4
raised cover. Groundwater strike at 19.00 m (rose to 15.40 m). 3

Figure C.9: Site 2 BH 07/22 Borehole Log (Part 3)
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Remarks: 51 mm ID slotted standpipe with 150 micron filter wrap and end-cap installed from 22.00 m
bgl to 10.00 m bgl. 51 mm ID slotted standpipe with 150 micron filter wrap and end-cap
installed from 4.00 m bgl to 2.00 m bgl. Borehole completed with gas bung and valve and
raised cover. Groundwater strike at 15.00 m (rose to 14.40 m after 20 minutes).

Terraconsult Borehole No
Tel: 01925 291111
I erraconsu’t Fax: 01925 291191 07/23
email: mailbox@terraconsult.co.uk
Sheet 1 of 3
Project Name Project No. Co-ord Hole Type
0-ords: -
Tenement Lane 0610 Cable
Location:  Cheadle Hulme Scale
Level:  67.00 m AOD 1:50
. . . Logged By
Client: Biffa Waste Services Dates:  14/08/2006-15/08/2006 EJL
Water Samples & In Situ Testing Depth | Level -
Well | Sirikes Depth (m) | Type Results (m) |(m AOD)| Legend Stratum Description
Soft to firm, brown mottled light brown and yellow, slightly
sandy CLAY with rare angular to sub-angular, fine to coarse
gravel of sandstone and mudstone. Occasional cobble sized
0.50 D pockets of fine to coarse sand. Occasional rootlets in upper
0.30m. (MADE GROUND)
1
1.20 D 1.20 65.80
| — — -  Firm, brown mottled grey slightly sandy CLAY with occasional
angular to sub-angular, fine to medium gravel of siltstone and
== sandstone. (GLACIAL TILL)
F2
2.50 D 2.50 64.50
Brown, very clayey, fine to coarse SAND with occasional
sub-rounded, fine to medium gravel of sandstone. (GLACIAL SAND)
3.00 D 3.00 | 64.00 3
— Stiff, dark brown mottled grey, slightly sandy CLAY with
occasional sub-angular to sub-rounded, fine to medium gravel of
sandstone and mudstone and occasional gravel-sized pockets of
| — — fine to coarse sand. (GLACIAL TILL)
4.00 D 400 | 63.00 ———] 4
== - Stiff brown mottled grey CLAY with some silty partings and
occasional angular and fine gravel of mudstone. Occasional
= ——| rootlets. (GLACIAL TILL)
5.00 D | Ls
6.00 D 6.00 61.00
| — — -+ Stiff, thinly laminated, brown occasionally mottled grey CLAY
with rare angular and fine gravel of mudstone. (GLACIAL TILL)
7.00 D e r7
8.00 D = = r8
9.00 D 9.00 58.00 E
| — — -+ Stiff, brown, slightly gravelly CLAY. Gravel is angular to g
sub-rounded, fine to medium of mudstone and occasional ]
— = — sandstone. (GLACIAL TILL) S
g
= 3
Type Results Continued next sheet H
g
H

AGS

Figure C.10: Site 2 BH 07/23 Borehole Log (Part 1)
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Terraconsult Borehole No
Tel: 01925 291111
I erra consu’t Fax: 01925 291191 07/23
email: mailbox@terraconsult.co.uk
Sheet 2 of 3
Project Name Project No. Coord Hole Type
Tenement Lane 0610 0-ords: - Cable
Location:  Cheadle Hulme Scale
Level:  67.00 m AOD 1:50
) . . Logged By
Client: Biffa Waste Services Dates:  14/08/2006-15/08/2006 EJL
Water Samples & In Situ Testing Depth | Level -
Well - |giikes Depth () | Type Results (m) |m AOD) Legend Stratum Description
g 10.00 D 10.00 | 57.00 Firm, brown CLAY with occasional partings cobble sized pockets
- — —| ofsilt. (GLACIAL TILL)
11.00 b 11.00 | 56.00 Stiff to very stiff, brown, slightly sandy, slightly gravelly "
- — —| CLAY. Gravel is angular to sub-rounded, fine to medium of
S sandstone and mudstone. (GLACIAL TILL)
12.00 b 12.00 | 85.00 Stiff, brown, sandy (fine to coarse) CLAY with occasional 12
sub-angular to sub-rounded, fine to medium gravel of sandstone
and mudstone. (GLACIAL TILL)
13.00 D i [13
14.00 D - [1a
15.00 D 15
16.00 D BT 16
17.00 b 17.00 | 50.00 [ Stiff, brown, sandy (fine to coarse) CLAY. (GLACIAL TILL) v
18.00 D 18
19.00 D I 19
19.50 | 47.50 Brown, very gravelly, fine to coarse SAND. Gravel is sub-angular
to sub-rounded, fine to medium, occasionally coarse of
Type Results Continued next sheet
Remarks: 51 mm ID slotted standpipe with 150 micron filter wrap and end-cap installed from 22.00 m
bgl to 10.00 m bgl. 51 mm ID slotted standpipe with 150 micron filter wrap and end-cap
installed from 4.00 m bgl to 2.00 m bgl. Borehole completed with gas bung and valve and AGS
raised cover. Groundwater strike at 15.00 m (rose to 14.40 m after 20 minutes).

Figure C.11: Site 2 BH 07/23 Borehole Log (Part 2)

HoleBASE ll(B1d 414.8) Standard Borehole Log v1 dated 26th Mar 03
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Terraconsult Borehole No
Tel: 01925 291111
I erraconsu’t Fax: 01925 291191 07/23
email: mailbox@terraconsult.co.uk
e Sheet 3 of 3
Project Name Project No. Hole Type
Tenement Lane 0610 Co-ords: - Cable
Location:  Cheadle Hulme Scale
Level:  67.00 m AOD 1:50
. . . Logged By
Client: Biffa Waste Services Dates:  14/08/2006-15/08/2006 EJL
Water Samples & In Situ Testing Depth | Level -
Well | ikes| Depth (m) | Type Results (m) |(m AOD)| Legend Stratum Description
! 20.00 D "] sandstone and mudstone. (GLACIAL SAND & GRAVEL)
20.80 | 46.50 Soft to firm, red CLAY. (POSSIBLE WEATHERED MUDSTONE)
21.00 b 21.00 | 46.00 S...2.:  Red, fine to coarse SAND with occasional fine to coarse, 2
sub-rounded gravel of sandstone. (WEATHERED SANDSTONE)
22.00 D 2200 | 45,00 [l o t22

End of Borehole at 22.00 m

23

24

25

26

27

28

29

Type Results

Remarks: 51 mm ID slotted standpipe with 150 micron filter wrap and end-cap installed from 22.00 m
bgl to 10.00 m bgl. 51 mm ID slotted standpipe with 150 micron filter wrap and end-cap
installed from 4.00 m bgl to 2.00 m bgl. Borehole completed with gas bung and valve and AGS
raised cover. Groundwater strike at 15.00 m (rose to 14.40 m after 20 minutes).

HoleBASE Il (B1d 414.8) Standard Borehole Log v1 dated 26th Mar 03

Figure C.12: Site 2 BH 07/23 Borehole Log (Part 3)



258

APPENDIX C. SITE 2 BOREHOLE LOGS

Terraconsult Borehole No
Tel: 01925 291111
I erraconsu’t Fax: 01925 291191 07/24
email: mailbox@terraconsult.co.uk
Sheet 1 of 2
Project Name Project No. Coord Hole Type
Tenement Lane 0610 0-ords: - Cable
Location:  Cheadle Hulme Scale
Level:  62.00 m AOD 1:50
. ) ) Logged By
Client: Biffa Waste Services Dates:  15/08/2007-16/08/2007 EJL
Water Samples & In Situ Testing Depth | Level -
Well - |giikes Depth () | Type Results (m) |m AOD) Legend Stratum Description
Soft to firm, dark brown, slightly sandy, slightly gravelly
0.20 D 030 | 6170 CLAY. Gravel is angular to sub-rounded, fine to coarse of
- . sandstone and mudstone. (TOPSOIL)
0.50 b Firm, brown occasionally mottled grey, slightly sandy CLAY with
occasional angular to sub-rounded, fine to medium gravel of
sandstone and mudstone. (MADE GROUND)
1
1.20 b 120 | 6080 Soft to firm, dark grey mottled light and dark brown CLAY with
occasional rootlets. (POSSIBLE MADE GROUND)
. . . . 2
200 b 200 60.00 Sttiff, brown mottled light and dark grey, slightly sandy CLAY
— — —| with occasional sub-angular to sub-rounded, fine to medium
gravel of sandstone, mudstone and rare coal. Occasional
[ — — 1 sub-angular cobbles of sandstone. (GLACIAL TILL)
3.00 D L3
X X 00 =———] 4
400 D 400 | 58.00 ity = Stiff, brown mottled light and dark grey, slightly sandy CLAY
with occasional sub-angular to sub-rounded, fine to medium
- gravel of sandstone, mudstone and rare coal. (GLACIAL TILL)
5.00 D -~ | [s
6.00 D BT 6
7.00 D 700 | 55.00 —— Stiff, brown, slightly sandy, slightly gravelly CLAY. Gravel is !
sub-angular to sub-rounded, fine to medium of sandstone,
== mudstone and some coal. (GLACIAL TILL)
8.00 D - —— 8
9.00 D i Lo |
Fms 3
. £
Type Results Continued next sheet i
Remarks: 51 mm ID slotted standpipe with 150 micron filter wrap and end-cap installed from 16.50 m :
bgl to 14.50 m bgl. 19 mm ID slotted standpipe installed from 12.90 m bgl to 1.90 m bgl. g
Groundwater strikes at 14.00 m (rose to 12.80 m after 20 minutes) and 17.20 m (rose to AGS 4
11.60 m).

Figure C.13: Site 2 BH 07/24 Borehole Log (Part 1)



APPENDIX C. SITE 2 BOREHOLE LOGS

Terraconsult Borehole No
Tel: 01925 291111
I erraconsu’t Fax: 01925 291191 07/24
email: mailbox@terraconsult.co.uk
Sheet 2 of 2
Project Name Project No. Co-ord Hole Type
0-ords: -
Tenement Lane 0610 Cable
Location:  Cheadle Hulme Scale
Level:  62.00 m AOD 1:50
. . . Logged By
Client: Biffa Waste Services Dates:  15/08/2007-16/08/2007 EJL
Water Samples & In Situ Testing Depth | Level -
Well | ikes| Depth (m) | Type Results (m) |(m AOD)| Legend Stratum Description
CT 10.00 D 10.00 | 52.00 Firm, brown, slightly sandy CLAY with occasional coarse gravel
- — —| sized pockets of fine to coarse sand and occasional sub-angular
— — — to sub-rounded, fine to medium gravel of sandstone and mudstone.
(GLACIAL TILL)
11.00 D 11.00 | 51.00 1"
Stiff, brown, slightly sandy, slightly gravelly CLAY. Gravel is
- — —| sub-angular to sub-rounded, fine to medium of sandstone,
e mudstone and some coal. (GLACIAL TILL)
) 12.00 D 12.00 | 50.00 12
4 Stiff, grey brown, slightly sandy, slightly gravelly CLAY.
— — —| Gravel is angular to sub-rounded, fine and some medium of
i sandstone, mudstone and some coal. (GLACIAL TILL)
12.90 | 49.10 ———
13.00 D Stiff, brown, slightly sandy CLAY with occasional sub-angular to F13
sub-rounded, fine to medium gravel of sandstone and mudstone.
e Occasional silty partings. (GLACIAL TILL)
z 14.00 D 14.00 | 48.00 14
— Firm, brown, sandy (fine to coarse) CLAY with occasional
sub-angular to sub-rounded, fine to medium gravel of sandstone
e and mudstone. (GLACIAL TILL)
15.00 D 15.00 | 47.00 15
B Brown, gravelly, fine to coarse SAND. Gravel is sub-angular to
sub-rounded, fine to coarse of sandstone and mudstone.
Occasional clay bands (up to 50 mm thick). (GLACIAL SAND)
15.80 | 46.20
Brown, clayey, fine to coarse SAND with occasional sub-rounded,
16.00 D fine gravel of sandstone and mudstone. (GLACIAL SAND ) rie
16.50 | 45.50
| — — - Stiff brown slightly sandy CLAY with occasional gravel sized
pockets of fine to coarse sand and occasional sub-rounded, fine
to medium gravel of sandstone and mudstone. Sand content
17.00 D 17.00 | 45.00 ———— increasing with depth. (GLACIAL TILL) =17
AVA Brown, clayey, fine to coarse SAND with occasional sub-angular
to sub-rounded, fine to medium gravel of sandstone and mudstone.
(GLACIAL SAND)
A A X 18
18.00 b 18.00 ) 44.00 Red, fine to coarse SAND with occasional fine to coarse,
sub-rounded gravel of sandstone. (WEATHERED SANDSTONE)
19.00 D F1o
19.50 | 4250 [ — - - - "S- - - oS oo
End of Borehole at 19.50 m
Type Results

11.60 m).

Remarks: 51 mm ID slotted standpipe with 150 micron filter wrap and end-cap installed from 16.50 m
bgl to 14.50 m bgl. 19 mm ID slotted standpipe installed from 12.90 m bgl to 1.90 m bgl.
Groundwater strikes at 14.00 m (rose to 12.80 m after 20 minutes) and 17.20 m (rose to

AGS

Figure C.14: Site 2 BH 07/24 Borehole Log (Part 2)

HoleBASE Il (B1d 414.8) Standard Borehole Log v1 dated 26th Mar 03
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APPENDIX C. SITE 2 BOREHOLE LOGS

Terraconsult Borehole No
Tel: 01925 291111
TerraConsult i 07/25
email: mailbox@terraconsult.co.uk
Sheet 1 of 2
Project Name Project No. Coord Hole Type
0-0ras: -
Tenement Lane 0610 Cable
Location:  Cheadle Hulme Scale
Level:  60.00 m AOD 1:
:50
. ) ) Logged By
Client: Biffa Waste Services Dates:  16/08/2007-20/08/2007 EJL
Water Samples & In Situ Testing Depth | Level -
Well |Sirikes Depth (m) | Type Results (m) |m AOD) Legend Stratum Description
Firm, dark brown, slightly sandy, slightly gravelly CLAY. Gravel
0.20 D 030 | s8.70 is angular to sub-rounded, fine to coarse of sandstone and
- . mudstone. Frequent rootlets. (TOPSOIL)
0.50 b Firm, brown, slightly sandy CLAY with occasional sub-angular to
sub-rounded, fine with some medium gravel of sandstone and
mudstone. Occasional rootlets. (MADE GROUND)
1.00 59.00 " n - n 1
Firm, brown mottled grey and light brown CLAY with occasional
1.20 D I~ — | rootlets (GLACIAL TILL)
1.80 58.20
Firm, brown mottled grey, slightly sandy CLAY with occasional
2.00 D sub-angular, fine to coarse gravel of sandstone and mudstone and r2
occasional gravel sized pockets of fine to coarse sand.
— | (GLACIALTILL)
3.00 D 3.00 | 57.00 3
— Firm to stiff, friable, brown mottled grey, slightly silty CLAY.
(GLACIAL TILL)
380 | 56.20 ———
| Firm to stiff, in places friable, brown mottled grey, slightly
4.00 D sandy CLAY with occasional angular to sub-angular, fine to r4
- — — medium gravel of sandstone and mudstone. Sand content increasing
with depth. (GLACIAL TILL).
5.00 D -~ | [s
6.00 D 6.00 54.00
| — — - Stiff, brown, sandy (fine to coarse), slightly gravelly CLAY.
Gravel is sub-angular to sub-rounded, fine to coarse of
sandstone and mudstone. Sand content increasing with depth.
| ——1 (GLACIAL TILL)
7.00 D 7.00 53.00 7
Brown, clayey to very clayey SAND with occasional angular to
sub-angular, fine to coarse gravel of sandstone and mudstone.
(GLACIAL TILL)
8.00 D 8.00 52.00 8
| — — | Stiff, dark brown occasionally mottled grey, slightly sandy CLAY
with occasional angular to sub-angular, fine to coarse gravel
- — — of sandstone and mudstone and occasional gravel sized pockets of
fine to coarse sand. (GLACIAL TILL)
880 | 5120 F——
Stiff, dark reddish brown, sandy (fine to coarse) CLAY with
9.00 D _— | occasional angular to sub-rounded, fine to medium gravel of re
— — — sandstone and mudstone. (GLACIAL TILL)
9.50 50.50 |—
- Firm reddish brown CLAY with silty partings and occasional thin
bands of fine to coarse sand. Becoming slightly sandy with depth
Type Results Continued next sheet

Remarks: 51 mm ID slotted standpipe with 150 micron filter wrap and end-cap installed from 20.00 m
bgl to 16.00 m bgl. 19 mm ID slotted standpipe with 150 micron filter wrap and end-cap
installed from 14.00 m bgl to 3.00 m bgl. Borehole completed with gas bung and valve and

raised cover. No groundwater strike observed.

AGS

Figure C.15: Site 2 BH 07/25 Borehole Log (Part 1)

HoleBASE ll(B1d 414.8) Standard Borehole Log v1 dated 26th Mar 03



APPENDIX C. SITE 2 BOREHOLE LOGS

Terraconsult Borehole No
Tel: 01925 291111
I erraconsu’t Fax: 01925 291191 07/25
email: mailbox@terraconsult.co.uk
Sheet 2 of 2
Project Name Project No. Co-ord Hole Type
0-ords: -
Tenement Lane 0610 Cable
Location:  Cheadle Hulme Scale
Level:  60.00 m AOD 1:
:50
. . . Logged By
Client: Biffa Waste Services Dates:  16/08/2007-20/08/2007 EJL
Water Samples & In Situ Testing Depth | Level -
Well |Sirikes Depth (m) | Type Results (m) |(m AOD)| Legend Stratum Description
CT 10.00 D (GLACIAL TILL)
11.00 D I
12.00 D 12
13.00 D 13.00 | 47.00 13
Stiff, brown, sandy (fine to coarse) CLAY with occasional
angular to sub-angular, fine to coarse gravel of sandstone and
13.30 D 13.30 | 46.70 | mudstone. Occasional gravel sized pockets of fine to coarse
sand. (GLACIAL TILL)
Red brown, very silty, clayey SAND with occasional angular to
sub-rounded, fine to medium gravel of sandstone and mudstone.
14.00 D 14.00 | 46.00 [~ (GLACIAL TILL) Ground gas comprising methane (peak 54.2 % v/v) F14
el = and carbon dioxide (peak 1.9 % v/v) recorded in borehole on
drilling through this horizon.
| — — - Firm, brown, sandy (fine to coarse) CLAY with occasional angular
14.70 D 14.70 | 4530 %t_)ILstJ)b-rounded. fine gravel of sandstone and mudstone. (GLACIAL
Brown, sandy (fine to coarse) GRAVEL. Gravel is sub-angular to F15
15.20 D 1520 | 44.80 g\f'\-llglg\ées/\\ﬁ/réel_;o coarse of sandstone and mudstone. (GLACIAL
[ Firm to stiff, brown, slightly sandy, slightly gravelly CLAY.
Gravel is angular to sub-rounded and fine of sandstone, mudstone
e and some coal. (GLACIAL TILL)
X i X 16
16.00 ° 16.00 | 44.00 Brown, sandy, sub-angular to sub-rounded, fine to coarse GRAVEL
with occasional cobbles of sandstone and mudstone. (GLACIAL SAND
AND GRAVEL)
17.00 D 17.00 | 43.00 17
3 Brown, fine to coarse SAND with occasional sub-angular to
sub-rounded, fine to medium gravel of sandstone and mudstone.
(GLACIAL SAND)
18.00 D 18
= . ) . 19
19.00 b 19.00 | 41.00 Red, fine to coarse SAND with occasional fine to coarse,
sub-rounded gravel of sandstone. (WEATHERED SANDSTONE)
Type Results " ndofBorhoeatzo0om |

Remarks: 51 mm ID slotted standpipe with 150 micron filter wrap and end-cap installed from 20.00 m
bgl to 16.00 m bgl. 19 mm ID slotted standpipe with 150 micron filter wrap and end-cap
installed from 14.00 m bgl to 3.00 m bgl. Borehole completed with gas bung and valve and

raised cover. No groundwater strike observed.

Figure C.16: Site 2 BH 07/25 Borehole Log (Part 2)

HoleBASE Il (B1d 414.8) Standard Borehole Log v1 dated 26th Mar 03
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Appendix D

Site 3 Borehole Logs

Summary

e Boreholes are separated into distinct and isolated response zones using 0.5-1.0
m bentonite seals. S1 is the first response zone (nearest to the surface) for all
boreholes.

e The boreholes are situated in glacial deposits that overlie the chalk bedrock.
The chalk is typically encountered at 21.0-23.0 m depth at which point the
boreholes terminate.

e The glacial deposits are largely comprised of sand and gravel (that is cobble-
sized in places). In some boreholes the gravel is flinty. There are occasional
thin layers of clay that are typically 0.5 m thick. The nature of the sand
and gravel will give rise to large pore spaces which will allow the internal
movement of gases through these media. The sand and gravel will also be
highly permeable.

e Few water strikes were encountered. Water strikes occurred in Boreholes GM
14 and 17 at 1.5 and 11.2 m, and 10.3 m respectively.
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APPENDIX D. SITE 3 BOREHOLE LOGS 263

RMC AGGREGATES (UK) LTD BOREHOLE No. (GMP1)
GEOLOGICAL SERVICES DEPT. SHEET i OF 4
SITE NAME DRELLING METHOD  Shali & Auger CASING DETALS 1 200mm 1o
WESTMILL LOGBOOKREF. D& D 2 o
GROUND LEVEL CO-ORDINATES DATE DRILLED
m AQD E534536.83 N215349.45  START . 19/10/87
SWEREF. TL31C/H FINISH : 22/10/87
DEPTH LT WATER | wowrron
A PEFTH {m} DEPTH
DESCRIPTION (;tx;) LEGEND (wf:;aess) “‘" $1‘(::[)KE xv:r;» ™ REMARKS
Brawn CLAY with stones and stony clay 3] Z 0.50 Benanite seal
-y (1.80) cfoc‘ Qas sampler in 20mm
== ook 18 g
ot %0 — 4774 180 Bantonite seal
NOyeySANDandGRAVEL o+ TELIE 210 0300 22°°d 238 Gg sampler In 20mm
Brown flinty SAND and GRAVEL 5Ty 80 2od 2.% ravel fhter A
ity - 3.00 GMP1/S2
727 350 Bentonite seal
&Y 06
o o b‘— 4.“
35554 4% Gas sampler in 20mm
Brawn silty GLAY with silt 42/(///; ;ﬁ% rn'a‘l’;;;gta' "Rt
Brown fm SAND ‘:o °’: Bentonite anal
<@

i 6,25
oo 6.50 (Gas sampler in 20mm
0% o %ravol filter A1

| 7.50 GMP1/S4

%i///}j " g.00 Bentonite seat
a9
o

| 8.85
38584 9.00 Gas sampler in 20mm
°o 0] g.70 graval fiiter R1

20 GMP1/S5
’g//// "+ 1020 Eanw{dte seal

a | 10.85

g&"‘;ﬂ}c— 11.00 Gas sampier In 20mm
grave) lilter R1

1 12.00 GMP1/56

%:/Z%_ 12 50 Bantonite seal

Flinty brown SAND and GRAVEL 10 eobkie size

Btiff brawn sandy GLAY with brown clayey sanct and
griavel pockets

Hard sandy stony CLAY banded with sand and gravel
and flint.cobbies

Dense brawn Hinty SAND and GRAVEL to cobble size

Lo 4 138s
89569 14.00 Gas sampier in 20mm
e gravet fiter R

¢ &0

Y GMP1/§?
-3
7,1 .

LAY
9@ ha 6.00
» ;
//;/’, | 16.50 Bentonite seal

CEPYL:

ap o
Lyee
v2a0

£ 18.10 o 06
- 18.25(0-15) 09 109 18,35
55?6?' 18,50 Gas sampler in 20mm
%5 0 ravel ﬂsngr R1
MP1
268 824909 /

Soft brown silty CLAY r
Brown SAND and GRAVEL 1o cobble size

¥

Brown SAND and GRAVEL with chalk pieces

CHALK with flim
CHALK some flint

NOTES

Top of cover elevation 72.38mOD. TDT% 3E FTH

AETRES
LOGGED BY
DATE LOGGED

8 - Bulk disturbed
D__ Smal disrubed G20 sammots Wy e Sl

28 Fovd SA0IAN3S

3lsum vas1d 86PZPSEBLIPP  PEITT  9@@Z/TT/ET

Figure D.1: Site 3 GM 01 Borehole Log
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APPENDIX D. SITE 3 BOREHOLE LOGS

RMC AGGREGATES (UK) LTD BOREHOLE No.  GMP2
GEOLOGICAL SERVICES DEPT. SHEET i OF 1
SITE NAME DRILLING METHOD Shell & Auger CASING DETAILS 1 200mm  to
WESTMILL LOG BOOK REF. D &D 2 o
GROUND { EVEL CO-ORDINATES DATE
STEREF. TL31 /M m AOD E834503.26 N2tsasodn  START :23/10/87
FINISH : 28/10/87
REDUC ED] DEPTH e WATER | mmiyon
DESCRIPTION LEVEL |LesenD | (o C:MEES ) T STRiKe | st bf;)m FEMARKS
{m ACD) m . {m) AT oM
Dark 80IL 7 ] 0.90) 0.50 Bentonite seal
y E 090 ] eraw Gas 1y i
Firm yellow siity CLAY 3 1685 (.63 ‘jff;;? r }'m grmslafrirl‘tgr’l;;n Z0mm
: k — (e MP2/5
Brown f SAND and GRAVEL = °20od 150 S...'{é.{m’ so8l
S 2221 2.35 Qas samplar in 20mm
D sEosd g.w gmw fitter R1
Py L - 3.00 GMP2/S2
0. ; (.85 ’o/z%: % 3.50 Bantonite seal
2! o q
Q-D 9 00 | 435
- .C)"; 80 509 4.50 Gas sampler In 20mm
X - 5.00 gravel fier A1
e C L 5.‘10 b N -
Brown very silty laminated ¥ 565 (0.25) éé» 550 g:f;znlifg seal
Brown SILT laminated with chalk it sand ] (1.38) eo°l 835
ST 5555 6.50 Gas sampler in 20mm
Fine brown SAND with sit bangs o 089 B 9:;‘77 T e B
Brown finty SAND and GRAVEL = 8,00 (0.15) = :u:: Bentonluf seal
Brown flinty SAND and GRAVEL fo cobbie size T st 99009 gag
Oag' s5=5F 900 Gas sampler in 20mm
! Q‘_ % o 9.75 %ﬁvmvggrm
Ry , P2
@8‘ @.55) 5,,//// 10.25 Bantonite sea
- -3
BOEJC 00
SO .9 11.60
”%:)1 3 ° 11.7% Gas sampler in 20mm
g-?{__(ﬂ 12.585 rﬁ'\'l:l fiitar R1
Brown clayey SAND and GRAVE] ‘ 4 7 1275 2/86
stony clay ‘,S’;Xm an with sarme chalk and Bantanite seal
{1.30) 13.28
" 13.85
Brown flinty SAND and GRAVEL to cobible size, would 3
not hald water 14.7010-88)
; L a0 (0'30} 14.86 _
1o cobble size - 15.40(0.40 1500 Gr:,:;g mﬁ;’a;ﬂ 20mm
(0.65)
ve) 1 1605 MP2/§7
Brown SAND and QRAVEL to cobblo aize 5o chalky SR 16.50
8ift X {1.185) Bantonite ses}
L 420 17.00
Brown SAND and GRAVEL 1o cobble size
18.00 Gas sampler in 20mm
%mvet filter R1
MP2/58
Brawn 0 ang WVEL
'rmm% GRAVEL o cobble aite, some chajk
CHALK with fossiis and flints

NOTES
Top of cover elevation 73.00mOD.

- Bulk disturbed (ba sampi
- Small dlmmbsd%n?)) nmpl:

TOTAL DEPTH
22,50

METR
LOGGED BY

U100 - Undisturbed
w - Water Samp . Ple

28 Fowd

SI0IAYAS J1s9M w4419

86PZPSEELTPY

PEITT

Figure D.2: Site 3 GM 02 Borehole Log

DATE | OGGED

3682/ TT/ET
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RMC AGGREGATES (UK) LTD
GEOLOGICAL SERVICES DEPT.

BOREMOLE No. GMP3
SHEET v OF 1

SITE NAME
WESTMILL

STEREF. TL31G/H

LOG BOOKREF. D&D

DRILLING METHOD  Shell & Auger

CASING DETALS ; 200mm
[
a3 o

GROUND LEVEL
mAQD

DATE DRILLED
START : 28/10/87
FINISH : 6/11/87

CO-ORDINATES
E 534480.22 N 21540p.85

DESCRIPTION

REDUGED) DEPTH

LEVEL
{m ADD)

&
LEGEND | 1sckness)

{m}

" bepTH
Rl IS REMARKS
AYlow

S | vaTeER
O stike
et

Dark SQIL

3 100 (1.0(:))w

\

Yellow brown stony CLAY

T
o
i

!
|

1.90 (090 _

é

8ilt

Fine brown SAND with sand and gravel bands some

0
bA

o

(¥

@.10)

4.00

”

Claysy laminated SILTS and SANDS with dark bands

54
Wl x|

A
A, ':fg wn

7
4

P 1

(4.30)

T E

LR
I's [x k.4

8.30 _J

Brown fiinty S8AND and GRAVEL

900 070

H\_Fine grey brown SAND

Brown SAND and flinty gravel some sitt

9.30 (0.30)
E 10.00(0.70)

N\ Claysy SILT

‘Brown filnty SAND and GRAVEL

b 10.25(0.25)

m Fre———
odyeq

4

@

Gag sampier in 20mm
50 gravel fitter 1
MP3/31

o. 2.85 Bentonite seal

gz}d' 3.00 Gas sampler in 20mm

2 - 3.50 gravel filter R1

77/ 400 GMP3/S2

oG ey Bantonite.seal

e g9 O_- 485

S558T 5.00 Gas sampler in 20rmm
®y ol 570 gravel fllter R1

0.
2 oo SMEUISS

o
2eetr g% Gas sampler in 20mm
| 750 ravel filter R

% ‘o0 GMP3/54
g{/// F 800 Bnnmﬁ/ito seal

..éA

L 9,
36554 070 Gas sampler in 20mm

gravel filter R1

Brown grey chalky SILTS

Brown flinty SAND and GRAVEL some silt

Brown flinty SAND and GRAVEL to cobble size

GMPa/85

'y 11.00
0 Bantonite soal
(f/f/ﬂ | 1150

L0 1 12.85

a5 13.00 Gas samplar in 20mm
s ravel filter R

14,00 GMP3/58

(3.:50)

onls
3

Clayey SILT and SAND

Brown flinty SAND and GRAVEL some t cobble size

Vi 1600
= 13_10(0.10) =

SO
OO

(1.30)

Large FLINT obstruction

Jas

Large FLINT

Brown flinty SAND and GRAVEL to cobbis size

CHALK with flinta

- 1700 g
F 17.70{0.20)

NONIE
00

(3.90)

& 21.60
3 (0.90)

NOTES
Top of cover slsvation 74.07mQD,

8 - Bulkdisturbad (bag) sam, )
D .Sman distrubod‘ j g)nmpl:

a .
27/'7 L 14,50 Bertonite saat
09509 )
a a0
-] \.
°¢g0

" .4 15.85
B8 55d 16.00 Gas sampier in 20mm
552 2 70 B A
[+] L 17.00 3,
P///‘L 17.50 Bentonite seal
oF 589
o q
2 a0
6% 509

°.2.°c] 1808
"Lj]" 19.50 Gas sampler in 20mm
EEER gmvot filter A1
@00 MP3/58
60 50

o
4 o w

@
uo°°
°oe

o
ooua

TOTAL DEPTH
2250
METR

LOGGED BY

DATE LOGGED

oo . Undisturbag Sampl
- Watsr Sampls

P8 39vd

SIDINANIS JLS9M U:ijIEl‘

o

9882/ TT/ET

86PZPGEEL TR PESTT

Figure D.3: Site 3 GM 03 Borehole Log
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I RMC AGGREGATES (UK) LTD BOREHOLENo.  GMP4
L GEOLOGICAL SERVICES DEPT. SHEET ' OF 4
SITE NAME DRILLING METHOD  Shell & Auger CASING DETALS 1 200mm w0 2320
WESTMILL 1L0G BOOK REF. FES 2 b
GROUND LEVEL CO-ORDINATES DATE
STEREF. TLa1C/H m AOD E 53418295 N 215856.30 gmsﬁl: i “7;5;90
; 2 14/5/90
REDUCE PERTH | S | areR | mevin .
DESCRIPTION LB LGN | ceuessy | STRIKE | s i REMARKS
{m) TIRE
« Blones, with some brick Bentonite zeaf
TIQPSQIL, stonss, /{Z 010 ’%{fg 777} 0so Bentonita seq
] .10 ] 4
Brown CLAY, some stones L - o ° od
—3—t (1.60) 9 00
- 270 2e00
- - et © ~ o 285
CMF sandy GRAVEL with some flint 5 Ss%l;g- 300 Gas sampier in 10mm
=S 0% o gravel filter Rt
Hd 0% od 4.00 GMP4/S1
Ak (3.40) // Bentonite seal
s o
: ¥ "C:’, 3 GDIQQ
D i{: &.10 :Fq:\g: 5.85 .
- —~ 5 6.00 Gas sampier in 10mm
CMF GRAVEL :\é\é- o : :,‘ graval filter R1
y 1 v and 7.00 GMP4/S2
ig % ] f%’c Bontonhe seal
o 2 3 /_ 8.00
P D] ®5°°] nss
A SL1oL 8.80 Gas sampter in 10mm
o 'S I gravel filter R1
D DET 50° 2 10 00 CMP4/53
o Q‘,D P27 Bentonite sea)
D 08T 11.00
LQOY gy
o % * e a0
D OKLE 08 apd 1205
g (bj (12.30) oS & 12.20 Gas sampler in 10mm
RN 4 13 oogravos flitar /1
et ot "0 GMP4 /sS4
’ ij 3 / Bentonite soal
0ROt /| 1400
0 O
’ QBQ | 14.85
A L—vsm Ges sampler in 10mm
3 gravel filter R1
b O 1580 Gppa 55
bQ Ot Bantonite seal
o 2 3 | 16.80
Ay 22204 1748
| zO,D F17.60 Gas s'x'r‘?plar in 10mm
LT 18, ravel fitter R1
grm:n CLAY /.F :— =z :gg (0.20) MP4/S6
MF GRAVEL i o 0 00
y 6&: (1.30) Bentonite seal
[ Brown siity SAND, siightly ciayey - 1990 0,00
[ 20 85
+q 21.00 Gas sampler In 10mm
qrave] filter R1
= GMP4/57
WEL )
GBAVEL and ohalk fragments T o

I

NOTES
Top of cover eisvation - 74.92mQD,

B . Bulk disturbad
D - &mail diatraped sample

58 3ovwd

TOTAL DEPTH
23.20

MET
LOGGED BY
DATE LOGGED

U100 - Undistyrbed Sampl
w - Water Sample P

SADIANTS

3LSYH V4418

BEPZPSERLTPR

PEITT 98BC/TT/ET

Figure D.4: Site 3 GM 04 Borehole Log
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RMC AGGREGATES (UK) LTD
GEOLOGICAL SERVICES DEPT,

BOREHOLE No.
SHEET 1 __OF 1

GMPS

SITE NAME
WESTMILL

SITEREF. TL21C/H

[ DRILLING METHOD  Shell & Auger
LOG BOOK REF.  FES

CASING DETAILS 1 200mm  to 22.00
2 o
3 to

GROUND LEVEL

mAQD E534160.80

CO-ORDINATES

DATE DRILLED
START . 3/5/50
FINISH ; 9/5/90

N 216916.39

DESCRIPTION

DEPTH SAMPLT
REDUCE]
0P ()

L3
LEVEL | LEGEND 8TR1
N
(m A0D) (THICENESS) | »

{m) Ter

WATER | mmivie

(m) arvow

KE | worac. Df:;“ REMARKS

JOPSQIL and stones

Firm brawn CLAY and stones

CMF sandy GRAVEL

T 0.30 (0.30)

S
¥

N

-5
2

o

7P

pr}

e
f

R
‘ol

{.70)

CMF GRAVEL

{5.00}

CMF GRAVEL and some chalk fragments

Brown siity CLAY

CMF QRAVEL

Brown clayey siity SAND

i CMF GRAVEL

Fractured CHALK and flinty gravel

]

1300 |
CTF 13.30(0.30) ]
X — F 12,40(0.50) |
AN

| 0.50 Bentonite seal
58 ol
ogo o__ 1.35
EF‘,E‘J 1.60 Gas sampler in 10mm
PR gravel fliwer R1

S npi 280 GMPE/S1

Beronite seal
/ ) 340

np d 4.35

5855 d 4.50 Gas sampler In 10mm
e %mvsb fittar A1
| 5.50 GMP5/82

o a
a o

9//’ Benionite seal
/ | 6.50

0 a0 | 7.35
sbsE 750 Gae sampler in 10mm
e grave filter 1
8.50 GMP5/53
Bantonite seal

10.35%
10.50 Gas sampisr in 10mm
ravel filter K1
11.50 GMP5/84
Bantonite seal

12.50

#}D | 13.25

5553 13.40 Gas sampier In 10mm
graval filter R1
GMPE/S5

Beritonite sea|

@ 90
82509 14

% 3
77 15.60
,1 16.25

L 17.30 8MP5/55
Bentonite seal

19.55

19.70 (G3as sampler In 10mm
ravel filter {1
MPs/S7

NOTES
Tap of covar efevation 73.71mOD,

B - Bulk disturbeg
LD -Smummm(bg?f sqm'pu

METRES

U100 - Undisturbed
w - Water Samp Sample

98 Jovd

S30IANS ALSwM v441d

SCALE
1:125

B8BVZPSEELTPY

Figure D.5: Site 3 GM 05 Borehole Log

TOTAL DEPTH
22.00
LOGGED gy
DATE LOGGED

PEITT 9@BZ/TT/ET
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RMC AGGREGATES (UK) LTD BOREHOLENo.  GMPS
GEOLOGICAL SERVICES DEPT. SHEET ' oF 4
SITE NAME DRILLING METHOD  Shali & Auger CASING DETAILS 1 200mm  to 26.0m
WESTMILL LOG BOOK REF,  Geoteoh - 010 g g
GROUND LEVEL CO-ORDINATES DATE DRILLED
SMEREF. TL31C/H m AQD E534238.05 N 21573184 E,’,ﬁ, : g;’:g;g:
nEpucE DERTH SEE L GATER | v
DESCRIPTION e oo | (1, sy | STRIKE | s i REMARKS
{m) Yree
Brown, very compact, dessicated cinyey SUBSONL | %: o8 080) | W Bentonite seal
Brawn, orange mottied firm, siightly sandy GLAY o —F 1.10 (0.30) G&sa 10
Grean, slightly sandy firm CLAY 1 1.80 ©070) | %s 0
Brown, biue mottled firm, very chalky GLAY with flinis [ 1.30 2 a0
=1 a0 st A o forin 1
Granga, brown vary chalky, finty frm GLAY T 7 ogeod PO et Ry
: S memy | ol
QOrange brown sandy, stony, claysy HOGGIN /E - e 4.40 U-2U) ‘ // ntanite 38
h\Brown, chalky, locss stony GRAVEL ﬁ A= ;fg 58?8{ N adpt 6.00
\ Brown looge stony GRAVEL I gjcj ' Si:]B L ggg Ga orin 10
- SE .- [ 6. 4 sarripler in_10mm
Brown vary sandy, looss stony GRAVEL 3(;")‘, o oge0d gravel filter R
Y arsh (3.40) e.2el 7.00 GMPg/52
1 :a,@ 3 Bentonite sea(
. e 5 8.00
Brown slony loose GRAVEL with sccasional fnie—— o AS) DUV S I A 1P
fa, 9§ g.a0 (0.80) © o |Sk14 9.00 Gaa sampler in 10mm
- P gravel filter RY

Light brown sandy GRAVEL, some thin clay seams

prasant and flint 22 2| 10.00 GMPE/S3

) Bentonite seal
@2.50) % 1100
85559

180 Te°d 1170
§5-15f 12.00 Gas sampier in 10mm

it gravel filter A1
2,2 21 13.00 GMP8/S4

@C’ 2.20)
RNl " v, / i Bentonite soal
Ry 14.00 _ %; 14.00

;;:o:: Brown vary loose, very stony sandy GRAVEL and
nf

Light brown very stony, loose GRAVEL and fiints ARAY L4 1470
& ' P L .
D ] 0.70) $4-T5L 15,00 Gas sampler in 10mm
_ vt 157 Ny ° rave filter RY
Flinty, stony. loose GRAVEL with thin bands of yeillow | 3 15.13(0.403 . s ok 16.00 %MPS/SQ:
[\brown sty clay /] =% 16.500.70) 7’7// Bentonits seal
Brown ¥irm very Hinty, stony GLAY I o F - | 17.00
Brown, biue large flint beds with silty sandy firm GLAY ] (1-10) BETeL 1720 6o sampier in 10mim
Brown siity GRAVE, with flints and chalky clay bands N STF :;:ﬁ(o,aoy 7 %; - :gg g’“‘" fiter RY
Brown silty sandy, stony GRAVEL and cobbies L XL 18.80(0.40) T "ﬁ‘: 50 Gamtoniie
~Brown, mottied bius firm, stony GLAY L Lot 19.40(0.60) | ‘ Sbgo 870 Ga:‘::r'rlv%lz% 10mm
Brown, Icosa very stony GRAVEEL with filnts A 1 1390 gravei fiter Rt
5 0] 220 -0 GMpe/s7
’ 0.%" - Bentonite geai
o
- ¢ 21,60 21.50
Brown stony, slightly sandy GRAVEL Sy
ApAS
OO é: 3 (2.60)
Nt g';g
White very ohalky siom GAAVELD I C 44, o .00 Gas sampler in 10mm
White soft GHALK with stone LT Pt gl
White soft CHALK with some fling 1 (1.00)
f Tt 2600 L 2600
|
NOTES
Top of cover elevation 75.92m0D. ng’é gOE FTH
oS
LOGGED BY
R. Britzman
DATE LQGGED
g - Bulk disturbed (bna: sample U100 - Undisturbed
- Small distrubed (ar| i W W arbed Sampie [ SCALE
P 1:150
LA 3Fo%d SADIAMIS 3Lsem v4418 BEPEPSEELTRE PEITT 9@0BZ/TT/ET

Figure D.6: Site 3 GM 06 Borehole Log
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RMC AGGREGATES (UK) LTD BOREHOLENo. GM10
GEOLOGICAL SERVICES DEPT. SHEET 1 oF .
SITE NAME DRILLING METHOD  Shell & Augar CASING DETAILS 1 200mm o
WESTMILL LOG BOOKREF.  FES 3 o
GROUND LEVEL CO-ORDINATES g;'l_\TE DHIU.E?
74.33 m AQD E 53434221 N 21551.98 ART : 6/10/98
STEREFR. TL31C/H FINISH : 8/10/98
DEPTH LHPLE
REDUCED . WATER | wonitor
DESCRIPTION LMme(m%&fﬂmmmmeﬁﬁ REMARKS
(m ACD) ) v {m) Ation
MADE GROUND brown/grey with boulders 73.83 0.50 0.80) _ /
Light grey/brawn CLAY with boulders | /)/// Bentonite seal
i
(130 4;;7% | 150
} 7253 180 i §559
Stiff dark brown bouider GLAY with bouldsrs and i 2,02
occasional cobbles, a fittls grey silt mottiing and traces i eLoe®
of prganic debris (170 o ew
i °go0d
7083 350 _] 0ol e 270
Orange/brown and brown mottlsd clayay SILT 70335 " =1 400 (050 ‘Q"? " 200
ing ; 3 R e 35mm Gas sampler in
Orengo/brawn clayey finé to coarse SAND B GRAVEL o%a o 10men gmw“. i (Red)
o500y GM10/51
O oo
? ¢4 850
o /o// { | 650 Bentontte seal
1<)
Fine to coarse GRAVEL with a little orange/brown fine PP 720
to medium slightly silty sand oo 75p
erad T 35mm Gas sampler in
° o0 10mm graval filter (Yellow)
L] @M10/S2
O oo
Q g & DJ
25 %
(?Lr:cge/brown and light grey/hrown mottied silty / 7
7 i
Fine to coarse GRAVEL with siay matrix : 050 ,:0//; | 10,40 Bentonite seal
. X . o
_ss.s.a_%v%_ 11,00 4 0% of
Danse dry fine to coarse GRAVEL with soma cobbles °¢ o | :ﬁ 299 11.40
P OWSE i SETRIF
! i ; @ 35mm Gas sampler in
10mm gravel filter (Green)
M10/83
d 14.00

Fine to coarae GRAVEL with alittle light/grey brown
sand and occasional cobble

rﬁéres

4. 15.00

Bentanite seal

35mm Gas sampler In
10mra grave! filter (Blue)
Gm10/84

TOTAL DEPTH
27,00
VETRE:!

LOGGED BY
Thomsaon/Dobson

DATE LOGGED

B8

- Bulk disturbied (b
= Small distrubad

88  3ovd

ag) sample

ar) sample

U100 - Undisturbed Sample

- Water Sample

SIOIANIS ILSWM w4419

B8EPZPSERLTPY

Figure D.7: Site 3 GM 10 Borehole Log (Part 1)

PEITT 9BBZ/TT/ET
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RMC AGGREGATES (UK) LTD
GEOLOGICAL SERVICES DEPT.

SHEET 2

BOREHOLE No.

GM10

QF 2

!

|

SITE NAME DRILLING METHOD  Shell & Auger CASING DETALS 1 200mm to
WESTMILL. LOG BOOK REF. FES 2 i
GROUND LEVEL CO-ORDINATES DATE DRILLED
STEREF, TL31G/H 74,33 m AOD E534342.21 N 21551.88 START : 6/10/98
FINISH : 6/10/98
DEPTH | swa
REDUCED, WATER | mowror
. & LETH (m]
DESCRIPTION (EVEL EGEND | rcngss) [ | STRIKE | werac | DEPTH REMARKS
m AOD) m e im} | ATion
Fine to coarse GRAVEL with some orange /brawn B 35mm Gas sarpler |
’ pler in
medium to coarse sand (1.80) o0 10mm gravei fiiter (Black)
! eY oo GM10/8s
¢ oo
52.73 21.60 ege®
Fine to coarse GRAVEL with cabbles o0
9% 50
{1.30) .~ 22.40
6143 22,90 ?/Zfz
CHALK T O///{, 29,40 BeNtanite seal
‘l If S OQO 0:
T [ Y-LT 24,20
T‘L K °7 4 2450
i 0° 35mm (Gas sampler in
3 (4.10) ° 00 10mm gravel filter (White)
Fr e2 50 aM10/S6
o Q
i3 I 3 g C:; &
7 3 a; )
-
4733 b [ 27 00, ojo e | 2700
|
LNT)'I'ES
TOTAL DEPTH
27.00
LOGGED BY
Thomson/Dobson
DATE LOGGED
B . Bulkdisturbed (bag) sample U100" - Undisturbsd Sampi
mall distrubed Gar) samplo W Water Sampla
68  3Fovd SIDIANES F1swm w4414 86PZPEERLTPY PEITT 9BBZ/TT/ET

Figure D.8: Site 3 GM 10 Borehole Log (Part 2)
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BOREHOLE No, GM11

RMC AGGREGATES (UK) LTD
B GEOLOGICAL SERVICES DEBT.

SHEET 1 OF 2
SITE NAME DRILLING METHOD  Shell & Auger CASING DETAILS 1 200mm to
WESTMILL LOG BOOK REF. FES 2 hid
| GROUND LEVEL CO-ORDINATES DATE DRILLED
STEREF., TL31G/M 74.22m AOD EE34367.51 N215515.32  START : 30/9/98
FINISH ; 30/9/98
DEPTH SANPLE |
REDUCED)| WATER | mongros
& DEFTH m) DEPTH
DESCRIPTION LEVEL |LEGEND . STRIKE | wstay,. | V€
’ a5 (THILanNESS) S P || @ REMARKS
Brown/grey CLAY with little fine to coarse gravel and — 0.50) s
organic debrls r E 0.50 7 /’
Light grey brown boulder GLAY with baulders G
.
17
(2.80) J ///} Z Bentonite seal
sz
| O
3.30 () 3,30
Clayey fine to coarse GRAVEL 08 00d
(100) ;@g- 380
- - - 430 ‘P %58 " 38mm Gas sampler In
&Lsat;‘t‘::vrg/bmwn slightly clayey fine 1o coarse SAND 0% o 10mm g;w@, fm':, {Rad)
- 0240 GM11/31
B e 96
600 3°°1 580
- 7
Fine to coarse GRAVEL with a littie grey/brawn sand //
! (1.30) 0/0 :’a/é 650 Bentonite seal
L - aeo] 710
Orange/brown fine to coarse SAND with alittle fine to 730 gg c% 740
coarse graval 0® 3Smm Gag sampler in
(1.10) go o0 10mm graval filter (Yallow)
! 00 aM11/52
Orange/brawn and yeliow /brown claysy SILT (.80 ! °: 0@
g oY a0
x P 920 ° 220
Orange/brown and yeliow/brawn mattled sitty CLAY | ¥ ’}///’%
1 //
e {1.40) /:/,{;/P Bentonite seal
X T 104
Fing to coarse GRAVEL 00 /53’0/ 1080
(1.70) o 4 11.60
J 11.90
61.93 12.30 3smm Ges sampler in
Fine 10 coarse GRAVEL with abundant cobbles

10mm gravel filter (Green)
GM11/53

15.00 Bantonite seaf

(5.50) /

SOPRTE)
°5 4 16.00
200 35mm Gas sampler in
P ooa ° 10mm gravel fliter (Blue)
§ °oo0 GM11/!
050
O Q [o Qac
56.43 0 5 —iF 47, o
:nab coarse GRAVEL . 56.33 -.s""‘ 17,88 ©.10) o 1780
e to coarse GRAVEL, with occasiong) pockets of siit (NI
v § 18,90 BENONIte eal
e (240 '
NOTES o
TOTAL DEPTH
26,00
AETRI
LOGGED BY
Thomsan/Dobson
DATE LOGGED
B . Bulk disturbag (bag) sample
D | oulks U100 - Undisturbeg
(8-Sl diotrubed Gar)sample W Water Sampie SCALE
1:100
2T Fovd SIOTANIS 3LSYM w4418 8BYZPSEELTPP  PEITT  98BZ/T1/E1

Figure D.9: Site 3 GM 11 Borehole Log (Part 1)
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GEOLOGICAL SERVICES DEPT.

RMC AGGREGATES (UK) LTD ‘

SHEET 2

BOREHOLE No.  GM11 -

QF 2

SITE NAME DRILLING METHOD  Shell & Auger CASING DETAILS 1 200mm 1o
WESTMILL LOG BOOK REF.  FES 2 s
GROUND LEVEL CO-ORDINATES DATE DRILLED
STEREF. TL31C/H 74.23 m ACD E 534367.51 N 215518.32 gm;: gg;g;g:
. DEPTH SAHPLE
REDUCED)| WATER | Mon:Ton r
! ) & BERTH (i) DEPTH
DESCRIPTION LEVEL |LEGENDi STRIKE | sras
oA L HIEKNESS) | e SIEE NI | REMARKS
§3.93 BN 01 ppap - °% 4 2030
Fine to coarss GRAVEL with cobbles and a littie light 507 ZE,J £ 35mm Gas sampler in
grey/brown medium coarse SAND ] éomm gravei fiiter (Black)
@200 M11/85
0 o0 /
00 4o
o a0
0% 50
1 o 00
b 5250
7450 °rd 2320
0. 5
505 7
CHALK - g . ‘.{/rff/_ 24,20 Bentonite uel
£ o203 pagp
: 2:20) 4]e2 { 2480
: " ege® 35mm Gas sampler in
- : o 0o 10mm gravel fiiter {White)
- R, - 9% q08 GM11/86
NOTES
TOTAL DEPTH
26.00
M
| _ LOGGED BY
Thomsan/Dobson;
B B } DATE LOGGED
- Butk disturbed (bag) sample -
D .Smalld U100 - Undisturbed Sampje
mall distrubed (jar) samplo w - Water Sampie P I ?C?Sg
T 3ovd SADIANES j:LSWM v44149 86PTPEERLTRE PEITT 9BBZ/TT/ET

Figure D.10: Site 3 GM 11 Borehole Log (Part 2)
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RMC AGGREGATES (UK) LTD BOREHOLE No. GM12
GEOQLOGICAL SERVICES DEPT. SHEET 1 oF 2
SITE NAME DRILLING METHOD  Shell & Auger CASING DETALS 1 200mm o
WESTMILL LOG BOOKREF. FES z bt
GROUND LEVEL CO-ORDINATES SD‘?IETDR'QL;}g}Qs
73.62 m AQD E 534399.42 N 215479.97 :
STEREF, TL31 G/H 362m FINISH : 25/9/08
DEPTH | swme
REDUCED ‘ WATER | wenren
& BEFTH () CEPTH
DESCRIPTION LEVEL {LEGEND ) STRIKE | mgmac. REMARKS
E (m AOD)| (THI%‘)’ESS) , wlpg m) | anw | (M
Brown/grey CLAY with abundant gravel 73.22 [ 0.40 (0.40) __‘} ////’ Bentonite seal
Light gray/brown boulder GLAY with boulders and 7
chalk fragmants //
(1.70) /
7 { 200
210 e
Light grey/brown, claysy SAND with a ittle fine to ©.90) % o
caarse graval ] 200 - g@g L g?g
Fine ta coarse slightly clayay SAND & GRAVEL 2%o0] 35mm Gas sampler in
(130 ¢ ae 10mm graval filter (Red)
2000 GM12/81
- 4,30 ¢ 00
Fine to coarse GRAVEL with a fittle fine to coarsa sand eloe “ 4.80
. }5//
| 270) 0/%7:/0 L 550 Bontonite seal
" Q
a OOO‘ 6»20
°le 850
“ge® ?gmm Gas slafrlrlnpln(r;‘:” )
6 0o M gravael filter (Yellow
Orange/brown fine 10 coarss SAND & GRAVEL LS GM12/gZ
(1.30) e g0
0d 40 .
lpoe 0l 830
Oranga/brown clayey SILT, becoming sandy from
9.50m 9.0 Bentonite seal

63.52 =

Fine to casrse GRAVEL with cobbles and a Nide light ‘{
grey brown sand, abundant eabbles from 14.50m 35mm Gas sampler in
10mm gravel filter (Green) |
GM12/§3

35mm Gas sampler in

Fine to coarse GRAVEL with abundant cobblas 10mm gravel filter (Blue)
M12/54

17.60
Bentonite sea)

Light grey/brown clayey SILT with a littls fine to
(. coarss grave! 55,42
Stiff light grey/brown silty CLAY

Fing to coarse GRAVEL, with accasional smail pockets
of clayey siit

NOTES

TOTAL DEPTH
25.00
RES
LOGGED BY
Thomgon/Dobson

SCALE
1:100

= Bulk distyrbed
- Small

8 (liag) sampia
o distrubad (ja o

U100 - Undisturbed Sample
w - Water Sample s

cl  3owd SIDIAYAS FLSvM W44189 8bPZPSERL TR PEITT 9BBZ/TT/ET

Figure D.11: Site 3 GM 12 Borehole Log (Part 1)
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RMC AGGREGATES (UK) LTD BOREHOLENo.  GM12
GEOLOGICAL SERVICES DEPT. SHEET 2 oF 2
SITE NAME DAILLING METHOD  Sholl & Auger  CASING DETAILS 1 200mm 10
WESTMILL LOG BOOK REF.  FES 2 b
GROUND LEVEL GO-ORDINATES DATE DRILLED
BTE REF. TL31CM 73.62m AOD E534388.42 N 21547997 START : 25/9/98
FINISH : 25/9/98
DEPTH SAYPLE
REDUCED,
DESCRIPTION LEVEL |LBGEND| (p oo [ oEpTH REMARKS
(m AQD) (m Ve

{1.80)

2070 35mm Gas sampler in
10mm graval filter (Black)
6250 amiz/s

£, 20.90
| Fneto caarse GRAVEL with abundant eobbles, A little
of

light grey/brown rmedium 10 coarss Ban

@10 ‘ 4 22.20

CHALK

¥ {2.00)

35mm Gas sampler in
10mm gravel filter (White)
GM12/

TOTAL DEPTH
25.00
METH
LOGGED BY
Thomaon/Dobson
DATE LOGGED

8CALE
1:100

B
[¥]

- Bulk disturbed (bay
- Smal dlatrubed(b a?p) ::gg]l: ww :mg?g;%:dglssm ple

€T 3owd SAOIAYIS JLSwM V:Eiﬂ - 86PTPEEELTPY PEITT 9BBZ/TT/ET

Figure D.12: Site 3 GM 12 Borehole Log (Part 2)
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| RMC AGGREGATES (UK) LTD BOREHOLENo. GM13
; GEOLOGICAL SERVICES DEPT, SET 1 o .
[ sme name DRILLING METHOD  Shell & Auger  CASING DETALLS 1 20mm o
WESTMILL | LOG BOOK REF. FES 3 n
| GROUND LEVEL CO-ORDINATES g_?‘l"E DR‘U-/EI/?DB
! 72,83 m ACD E 53443269 N 21544335 ART : 23
‘ STEREF. TL31C/H FINISH : 2a/a/98
, REN\'IKE:ED , DEPTH Q;::;"-fm S,,#:';'IERE MONLTOR I DEPTR ‘s
ESCRIPTION LEVEL |LEGEN KE | HsTALL- REMAR
! o (m AOD) (HIEKNESS) | 8 | o @
Dark groy/brawn GLAY with abundant gravel | 72.43 1 0.40 (0.40) _ o
! Light brown boulder CLAY with boulders and chalk L Bentanite seal
g e
f fragmants A :gg
i (1.80) 154 {59 36mm Gas sampler in
i SOELy é%nm gravel fitter (Rad)
| 2.20 oo 0 220 GM13/S1
| Slightly clayy fine to coarse GRAVEL with & fitle fight ‘f 7z
grey/brown sand {1.80) | // Z Bentonite sgal
: %
4.00 o/n;"/// L 4.00
Fine to conrse SAND & GRAVEL o%s o
2099 4.80
"f?_y 2% d 520 asmm Gas sampler in
i ep ey 10mm gravel fitter (Yaliow}
! (3.30) 0% o GM13/52
ad .0
2 © 00
| 0% q04
Qo o
; 66,53 7.30 55 594 7.90
Orange/brown and light grey/brown clayey SILY ,.t: 65.28 7.88 (0.25) {7/;2’
Stiff light grey/brown silly GLAY o : f
9 / (108 ’{é/r 8.3p Bentonite sea
84.23 E 860 (S
I ttle fi "% o001 890
sﬁ{:gg:‘/’bmwn clayey SILT with a little fine to medium 4 554 930 35mm Gas samplerin
| (1.40) [2200 10mm gravel filtar (Green)
I oL GM13/83
L s2a3)x "t 1000 as’ e
Fine to coarse GRAVEL, with abundant cobbles and & " % o
little orange /brown sand p/c; 9.8 10.60
(1.60) %/
7 i
! 61.23): 1160 /é/ 180 Bentonite seal
| Fine to € GRAVEL, with abundant large cobbies cge?
i {0.90) | 0% o
— 1250 0%50
Fine 10 coarse GRAVEL with scme cabbles and a little o a0
. ysllow/brown medium to coarse sand lady, o 4 13.00 n .
: ’ {1.60) _ ~ & 13.30 35mm Gas samplar in
i I [0 5°° éﬁmm gmva! fitter (Biua)
; 58730 14.10 7508 M13/34
| Fine to coarse GRAVIEL with abundant oobbies ‘ R
| {1.20) a% 50
[ 57.53 15,30
J Fine to coarse GRAVEL with cobbles and fittle ; M
i yellow/brown sand, with Qccazional pocket of
|_orange/brown mottied clay containing chalk fragmants (1.20) %) 16.00
f §6.33.)7 16.50 i
l Fine to coarge orange/brown SANE & GRAVEL - 7 / Bentonite seal
| (1.20) ab’d 17.00
i A i H o

— 17.70
1 Fins 10 coarse GRAVEL with A few cobbles and a linle

I light grey /brown fine to coarae sand, Smal| pockats of /

| clayey silt trom 21, 10m 10 22.40m
i

| (2.80)
"M———-..____‘—«——«

[ NOTES
!

|

f
I

SIDIAYES

ALSWM Y4419

' ,
B . Bulk disturbed (bag) sampie T T
e il

| 86PZPSEEL PP

Figure D.13: Site 3 GM 13 Borehole Log (Part 1)

18.20
18.50 35mm Gas sampler in

10mm gravel filter (Black)
GM13/85

TOTAL DEPTH
25,00

METR
LOBGED BY
Themson/Dabson

DATE LOGGED

PEIT 98BZ/TT/ET
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@ RMC AGGREGATES (UK) LTD
GEOLOGICAL SERVICES DEPT.

BOREHOLE No. GM13

= SHEET 2 OF 2
SITE NAME DRILLING METHOD  Shell & Augsr CASING DETAILS 1 200mm 1
WESTMILL LOG BOOK REF.  FES 2 b
GROUND LEVEL CO-ORDINATES DATE DRILLED
STERER. TL&1 /M 7283m AQD

£ 53443269 N 21544335 START : 23/9/98

FINISH : 23/9/a98
DEPTH SANPLE 1 ‘*‘
DESCRIPTION REDLICED, % . (m”@ KR | e
{m}

LEVEL | LEGEND o STRIKE | swsmar- R
= A THIKNESS) | J it T EMARKS

CRE R

L 20.50 %y o]

Fine 1o coarss GRAVEL with abundant cobbles and a —1 9% s g

" Tittie light grey/ brown mediurn ta soarse send
(1.95)
22,00
CHALK m i
2200 Bentonite aeal
° . o] 2350
{2.55) °f 23.80 35mm Gas sampler in
10mm grlvol filkar (White)
GM13/56
2500,
— %
TOTAL DEPTH
25.00
METRE
LOGGED 8Y
Thomson/Dobsan,
DATE LOGGED
- Bulk disturbed (bag) sample ———
D WM- Undizturbed Sampie

ar) sample w - Water Sampie P

9T 3owd S30IAYIS JL1S¥m w4418 i . 8BPZPEEELTPD PEITT

98T /TT/ET

Figure D.14: Site 3 GM 13 Borehole Log (Part 2)
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RMC AGGREGATES (UK) LTD
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Figure D.15: Site 3 GM 14 Borehole Log (Part 1)
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RMC AGGREGATES (UK) LTD BOREHOLE No. GM14
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Figure D.16: Site 3 GM 14 Borehole Log (Part 2)
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Figure D.17: Site 3 GM 17 Borehole Log (Part 1)
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BOREHOLE No.  GMI{7 |
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Figure D.18: Site 3 GM 17 Borehole Log (Part 2)



Appendix E

Site 1 Historic Gas Monitoring
Data

Ternary diagrams illustrating gas compositions for boreholes not primarily discussed

in relation to Site 1 in Chapter 4 are presented in this section.

CO, /' N, (Relative %)

100

0

O/N; o 10 20 30 40 50 60 70 80 90 100 CHa/No
(Relative %) (Relative %)

Figure E.1: Gas Compositions for BH 03, Site 1 (25/03/2003 — 08/05/2015)
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Figure E.2: Gas Compositions for BH 03/6, Site 1 (29/01/2004 — 08/05/2015)

CO, /' N, (Relative %)

0

O;/N, o 10 20 30 40 50 60 70 8o 90 100 CHa/No
(Relative %) (Relative %)

Figure E.3: Gas Compositions for BH 03/7, Site 1 (29/01/2004 — 08/05/2015)
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Figure E.4: Gas Compositions for BH 06/13, Site 1 (04/10/2006 — 08/05/2015)
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0

Figure E.5: Gas Compositions for BH 06/15, Site 1 (04/10/2006 — 08/05/2015)
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Figure E.6: Gas Compositions for BH 06/16, Site 1 (04/10/2006 — 08/05/2015)
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0

Figure E.7: Gas Compositions for BH 06/18, Site 1 (20/10/2006 — 08/05/2015)
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CO, /' N, (Relative %)
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Figure E.8: Gas Compositions for BH 06/19, Site 1 (04/10/2006 — 08/05/2015)



Appendix F

Site 2 Historic Gas Monitoring
Data

Ternary diagrams illustrating gas compositions for boreholes not primarily discussed

in relation to Site 2 in Chapter 4 are presented in this section.

CO, / N, (Relative %)
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(Relative %) (Relative %)

0

Figure F.1: Gas Compositions for BH 01, Site 2 (27/03/1998 — 29/06/2015)
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CO, /' N, (Relative %)
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Figure F.2: Gas Compositions for BH 02, Site 2 (19/10/1998 — 29/06,/2015)
CO, /' N, (Relative %)
100 () 0
O/N; o 10 20 30 40 50 60 70 80 90 100 CHa/N
(Relative %) (Relative %)

Figure F.3: Gas Compositions for BH 03, Site 2 (13/08/1998 — 29/06,/2015)
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CO, /' N, (Relative %)

0
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Figure F.4: Gas Compositions for BH 05, Site 2 (13/08/1998 — 29/06,/2015)
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100
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0

Figure F.5: Gas Compositions for BH 06, Site 2 (13/08/1998 — 29/06,/2015)
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CO, /' N, (Relative %)

100

0
O/N, o 10 20 30 40 50 60 70 80 90 100 CHa/No
(Relative %) (Relative %)
Figure F.6: Gas Compositions for BH 08, Site 2 (13/08/1998 — 29/06,/2015)
CO, / N, (Relative %)
100 .
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Figure F.7: Gas Compositions for BH 09, Site 2 (13/08/1998 — 29/06/2015)
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CO, /' N, (Relative %)
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0

Figure F.8: Gas Compositions for BH 10, Site 2 (13/08/1998 — 29/06,/2015)
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0

Figure F.9: Gas Compositions for BH 11, Site 2 (08/07/1997 — 29/06,/2015)
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Figure F.10: Gas Compositions for BH 13, Site 2 (13/08/1998 — 29/06/2015)
CO, /' N, (Relative %)
0,/N O cH,/N
2 2 0 10 20 30 40 50 60 70 80 90 100 4772
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Figure F.11: Gas Compositions for BH 15, Site 2 (02/11/2001 — 29/06/2015)
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0

Figure F.12: Gas Compositions for BH 16, Site 2 (28/02/1997 — 29/06/2015)
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0

Figure F.13: Gas Compositions for BH 17, Site 2 (26/07/2001 — 29/06/2015)
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Figure F.14: Gas Compositions for BH 18, Site 2 (15/09/2000 — 29/06/2015)
CO, /' N, (Relative %)
0,/N O ¢cH,/N
2 2 0 10 20 30 40 50 60 70 80 90 100 472
(Relative %) (Relative %)

Figure F.15: Gas Compositions for BH 19, Site 2 (15/09/2000 — 29/06/2015)
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Figure F.16: Gas Compositions for Flare, Site 2 (05/01/2006 — 29/06/2015)
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Figure F.17: Gas Composition for BH 10, Site 2 (13/08/1998 — 29/06/2015)
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Figure F.18: Gas Composition for BH 12, Site 2 (13/08/1998 — 29/06/2015)



Appendix G

Site 3 Historic Gas Monitoring
Data

Ternary diagrams illustrating gas compositions for boreholes not primarily discussed

in relation to Site 3 in Chapter 4 are presented in this section.
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Figure G.1: Gas Composition for GM 1, Site 3 (21/02/1995 — 18/05/2015)
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Figure G.2: Gas Composition for GM 2, Site 3 (21/02/1995 — 18/05/2015)
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Figure G.3: Gas Composition for GM 3, Site 3 (21/02/1995 — 18/05/2015)
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Figure G.4: Gas Composition for GM 4, Site 3 (21/02/1995 — 18/05/2015)
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Figure G.5: Gas Composition for GM 6, Site 3 (21/02/1995 — 18/05/2015)
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Figure G.6: Gas Composition for GM 11, Site 3 (29/10/1998 — 18/05/2015)



302 APPENDIX G. SITE 3 HISTORIC GAS MONITORING DATA

S1 S4
CO, /N, (Relative %)

0,/N, 0 10 20 30 40 50 60 70 80 90 100  cH /N 0 10 20 30 40 50 60 70 80 90 100
Relative % 472
( ) (Relative %)

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

Figure G.7: Gas Composition for GM 12, Site 3 (29/10/1998 — 18/05/2015)
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Figure G.8: Gas Composition for GM 13, Site 3 (29/10/1998 — 18/05/2015)
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Figure G.9: Gas Composition for GM 15, Site 3 (20/04/1998 — 18/05/2015)
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Figure G.10: Gas Composition for GM 16, Site 3 (20/04/1998 — 18/05/2015)
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Figure G.11: Gas Composition for GM 17, Site 3 (20/04/1998 — 18/05/2015)
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Figure G.12: Gas Composition for GM 18, Site 3 (20/04/1998 — 18/05/2015)
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Figure G.13: Gas Composition for GM 19, Site 3 (20/04/1998 — 18/05/2015)
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Figure G.14: Gas Compositions for NG Series, Site 3 (26/08/2003 — 18/05/2015)



Appendix H

Site 1 High Temporal Frequency
Gas Data

Time-series diagrams illustrating gas compositions for BH 03/4, Site 1, recorded by
GasClams 000237/05/12 and 000049/09/09 not primarily discussed in Chapter 5

are presented in this appendix.
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A Gas Concentration (% v/v) and Atmospheric Pressure (mbar) against Time from BH 03/4, Site 1
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Figure H.1: Site 1 BH 03/4 High Temporal Frequency Gas Data Recorded by GasClam 000049/09/09 (19/07/2013
— 22/07/2013)
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Gas Concentration (% v/v) and Atmospheric Pressure (mbar) against Time from BH 03/4, Site 1

60 T T T T T T T T T T T 1040
=
> 1020
<
c
S
8
E 1000
[
Q
=
S
% 10 — Atmospheric Pressure | 980
O
0
. . . . - . - - - - - - 960
0 QO QO N ) O QO N N QO QO N
o T WP T T g8 8T 0T 0T a0 e o
PR/ S G NS L o AOT an0T S 2T A 0N oA
1\7«0\’ 1\'740'& 1\16& 1\'7/0\’ 1\'10\’ 1\7«0'& 1\'7—0\/ 1\'7/0\’ 1\7«0\’ 1\'1«0'& 1\'7—0\/ 1\'10\’
’2:2'\0 ’L’L\Q ’L%\O rL’b\Q ,1:5\0 0 N M q}\o ,L&\Q 16\0 ,f)\Q
Date and Time
B Gas Concentration (% v/v) and Pressure Difference (mbar) against Time from BH 03/4, Site 1
60 - - - - - - - - - - - 15
< SO 10
>
§ 40 5
c
o
§ ol UMV
= L ~ J —— CH, 10
§ 20 co,
S o, 15
@ 10 -, .
Pressure Difference
O] 4.
0 10
o0 o0 0 Ry Ry o0 o0 o0 Ry N 0 N
6,00'0 20 s D;QQ'Q G.OQQ 696'0 -'L'QQ'O D;QQ'O 0'90'0 6909 q;.QQQ N.QQ‘Q Q‘.QQQ
N fb'L ¢50 X oY ,5'7, ,3(3 aY oY ¢5’L ,50 oY
o 08 09 0 oS 08 09 o o o8 08 oot
o ot o o o ot ot ot o o o o
2\ 2 B N 2 2 o o N o A "
Date and Time
C Gas Concentration (% v/v) and Temperature (°C) against Time from BH 03/4, Site 1
60 — T T T T T T T T T T T 30
_ 50 25
>
S
R 40 20
s
= 30 15
“é’ COZ
g 20 - o, 110
o ——— Temperature
o 10p 1s
©
O]
0 40
P P ® 0\ P ® N S\ ® o & 0
QO KSR KN Q0° ER Q0 0 0 IR Q0 KR 0
%7 2T a0 gA0T 88T 0T G0N an8T oan8T a7 a0 oY
QoY Qo> %% QY QoY N5 QY QoY Qo Qo QoY %S
A A YA L A A (L A A L A A
UL AL (L L AL (L (LT AL (L Ll LT\
OSSN - - T 5 T S A -

Date and Time

Atmospheric Pressure (mbar)

Pressure Difference (mbar)

Temperature (°C)

311

Figure H.2: Site 1 BH 03/4 High Temporal Frequency Gas Data Recorded by GasClam 000237/05/12 (22/07/2013

— 25/07/2013)
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A Gas Concentration (% v/v) and Atmospheric Pressure (mbar) against Time from BH 03/4, Site 1
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Figure H.3: Site 1 BH 03/4 High Temporal Frequency Gas Data Recorded by GasClam 000049/09/09 (25/07/2013
— 29/07/2013)
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A Gas Concentration (% v/v) and Atmospheric Pressure (mbar) against Time from BH 03/4, Site 1
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Figure H.4: Site 1 BH 03/4 High Temporal Frequency Gas Data Recorded by GasClam 000237/05/12 (29/07/2013
—~ 01/08/2013)
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A Gas Concentration (% v/v) and Atmospheric Pressure (mbar) against Time from BH 03/4, Site 1
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Figure H.5: Site 1 BH 03/4 High Temporal Frequency Gas Data Recorded by GasClam 000237/05/12 (01/08/2013
~ 13/08/2013)
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A Gas Concentration (% v/v) and Atmospheric Pressure (mbar) against Time from BH 03/4, Site 1
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Figure H.6: Site 1 BH 03/4 High Temporal Frequency Gas Data Recorded by GasClam 000237/05/12 (13/08/2013
— 27/08/2013)
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A Gas Concentration (% v/v) and Atmospheric Pressure (mbar) against Time from BH 03/4, Site 1
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Figure H.7: Site 1 BH 03/4 High Temporal Frequency Gas Data Recorded by GasClam 000237/05/12 (27/08/2013
~10/09/2013)
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A Gas Concentration (% v/v) and Atmospheric Pressure (mbar) against Time from BH 03/4, Site 1
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Figure H.8: Site 1 BH 03/4 High Temporal Frequency Gas Data Recorded by GasClam 000237/05/12 (10/09/2013
~ 23/09/2013)
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A Gas Concentration (% v/v) and Atmospheric Pressure (mbar) against Time from BH 03/4, Site 1
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Figure H.9: Site 1 BH 03/4 High Temporal Frequency Gas Data Recorded by GasClam 000237/05/12 (23/09/2013
— 07/10/2013)
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A Gas Concentration (% v/v) and Atmospheric Pressure (mbar) against Time from BH 03/4, Site 1
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Figure H.10: Site 1 BH 03/4 High Temporal Frequency Gas Data Recorded by GasClam 000237/05/12

(07/10/2013 — 14/10/2013)
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A Gas Concentration (% v/v) and Atmospheric Pressure (mbar) against Time from BH 03/4, Site 1
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Figure H.11: Site 1 BH 03/4 High Temporal Frequency Gas Data Recorded by GasClam 000237/05/12
(14/10/2013 — 29/10/2013)
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Figure H.13: Site 1 BH 03/4 High Temporal Frequency Gas Data Recorded by GasClam 000237/05/12

(12/11/2013 — 25/11/2013)



Appendix 1

Site 2 High Temporal Frequency
Gas Data

Time-series diagrams illustrating gas compositions for Site 2 boreholes, recorded by
GasClam 000237/05/12 not primarily discussed in Chapter 5 are presented in this
appendix.
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A Gas Concentration (% v/v) and Atmospheric Pressure (mbar) against Time from BH 04, Site 2
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Figure I.4: Site 2, BH 04 High Temporal Frequency Gas Data (27/08/2014 — 03/09/2014)
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A Gas Concentration (% v/v) and Atmospheric Pressure (mbar) against Time from BH 08, Site 2
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Figure 1.5: Site 2, BH 08 High Temporal Frequency Gas Data (18/09/2014 — 02/10/2014)
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BH 12
A Gas Concentration (% v/v) and Atmospheric Pressure (mbar) against Time from BH 12, Site 2
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Figure I.6: Site 2, BH 12 High Temporal Frequency Gas Data (13/10/2014 — 21/10/2014)
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Figure 1.7: Site 2, BH 12 High Temporal Frequency Gas Data (27/10/2014 — 09/11/2014)
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BH 14
A Gas Concentration (% v/v) and Atmospheric Pressure (mbar) against Time from BH 14, Site 2
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Figure I.8: Site 2, BH 14 High Temporal Frequency Gas Data (10/11/2014 — 24/11/2014)
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A Gas Concentration (% v/v) and Atmospheric Pressure (mbar) against Time from BH 14, Site 2
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Figure 1.9: Site 2, BH 14 High Temporal Frequency Gas Data (24/11/2014 — 08/12/2014)
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A Gas Concentration (% v/v) and Atmospheric Pressure (mbar) against Time from BH 14, Site 2
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Figure 1.10: Site 2, BH 14 High Temporal Frequency Gas Data (08/12/2014 — 22/12/2014)
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Figure I.11: Site 2, BH 14 High Temporal Frequency Gas Data (22/12/2014 — 05/01/2015)
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Appendix J

Raw Stable Isotope Data

Newcastle University Raw Stable Isotope Data

For

Table J.1:

e Reference Peak time = 125 & 2,910
e Reference Internal = 4.2
e Reference B5C = —37%0

CH Cco
Inj 4 13 2 13
Amt Pk CH, §Ccu Pk co, 5Cco

Sample ID Time 4 2

Inj (pl) Time Int (%00) Time Int (%0)

(s)
(s) (s)

1% CH4/C02 (a) 100 150 340 3.5 —43 400 3.5 —38
1% CH4/CO2 (b) 100 250 440 3.5 —43 500 3.5 —38
1% CH,/CO, (c) 100 350 540 3.5 —43 600 3.5 —38
S2 BH 12 Smp 8 (a) 60 450 640 2.0 —48 700 8.0 —33
S2 BH 12 Smp 8 (b) 60 550 740 2.0 —48 800 8.0 —32
S2 BH 12 Smp 8 (c) 60 650 840 2.0 —48 900 8.0 —33
S2 Flare Smp 4 (a) 5 750 940 6.0 —65 1,000 3.0 +5
S2 Flare Smp 4 (b) 5 850 1,040 6.0 —65 1,100 3.0 +5
S2 Flare Smp 4 (c) 5 950 1,140 6.0 —65 1,200 3.0 +5
S2 BH 08 Smp 5 (a) 60 1,050 1,240 3.5 —55 1,300 6.5 —29
S2 BH 08 Smp 5 (b) 60 1,150 1,340 3.5 —55 1,400 6.5 —28
S2 BH 08 Smp 5 (c) 60 1,250 1,440 3.5 —55 1,500 6.5 —29
S2 BH 04 Smp 8 (a) 20 1,350 1,540 8.5 —55 1,600 2.0 —47
S2 BH 04 Smp 8 (b) 20 1,450 1,640 8.5 —54 1,700 2.0 —a7
S2 BH 04 Smp 8 (c) 20 1,550 1,740 8.5 —55 1,800 2.0 —47
S2 LFC Smp 8 (a) 60 1,650 1,840 8.0 —64 1,900 5.0 +5
S2 LFC Smp 8 (b) 60 1,750 1,840 8.0 —64 2,000 5.0 +4
S2 LFC Smp 8 (c) 60 1,850 2,040 8.0 63 2,100 5.0 45
60% CH4/4O% CO, (a) 5 1,950 2,140 8.5 —44 2,200 6.0 —38
60% CH4/4O% CO, (b) 5 2,050 2,240 8.5 —44 2,300 6.0 —40
60% CH4/4O% CO2 (c) 5 2,150 2,340 8.5 —44 2,400 6.0 —40
100% CO, (a) 5 2,250 2,440 0.0 0 2,500 9.0 —31
100% CO, (b) 5 2,350 2,540 0.0 0 2,600 10.0 —31
100% CH, (a) 5 2,450 2,640 14.0 —56 2,700 0.0 0
100% CH, (b) 5 2,550 2,740 14.0 —56 2,800 0.0 0
1% CH4/CO2 100 150 340 3.0 —43 400 3.0 —38
60% CH4/40% CO, 5 250 440 7.0 —45 500 4.0 —41
Mineshaft 2 Smp 4 (a) 10 350 540 8.0 —51 600 0.2 —49
Mineshaft 2 Smp 4 (b) 10 450 640 9.0 —51 700 0.2 —49
Mineshaft 2 Smp 5 (a) 10 550 740 7.0 —51 800 0.2 —49
Mineshaft 2 Smp 5 (b) 10 650 840 9.0 —51 900 0.2 —50
Mineshaft 2 Smp 6 (a) 10 750 940 8.0 —51 1,000 0.2 —46
Mineshaft 2 Smp 6 (b) 10 850 1,040 8.0 —50 1,100 0.2 —45
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Inj CH, 1s CO, 1s

Sample ID Amt e Pk CH, §Ccn, Pk co, §Cco,

Inj (pl) Time Int (%0) Time Int (%0)

(s)
) )

Mineshaft 2 Smp 7 (a) 10 950 1,140 9.0 —50 1,200 0.2 —44
Mineshaft 2 Smp 7 (b) 10 1,050 1,240 7.0 —50 1,300 0.2 —45
Mineshaft 2 Smp 7 (c) 10 1,150 1,340 8.0 —51 1,400 0.2 —45
Mineshaft 2 Smp 8 (a) 5 1,250 1,440 3.0 —50 1,500 0.2 —46
Mineshaft 2 Smp 8 (b) 5 1,350 1,540 3.0 —50 1,600 0.2 —45
Mineshaft 2 Smp 9 (a) 5 1,450 1,640 3.0 —50 1,700 0.2 —40
Mineshaft 2 Smp 9 (b) 5 1,550 1,740 3.0 —50 1,800 0.2 —45
Mineshaft 2 Smp 10 (a) 60 1,650 1,840 40.0 n/a 1,900 0.2 —46
Mineshaft 2 Smp 10 (b) 60 1,750 1,940 40.0 n/a 2,000 0.2 46
Mineshaft 2 Smp 10 (c) 10 1,850 2,040 9.0 —51 2,100 0.2 —46
100% CH, 5 1,950 2,140 7.0 —57 2,200 0.2 —25
100% CO2 5 2,050 2,240 0.1 n/a 2,300 5.0 —31
North Sea Gas 5 2,150 2,340 10.0 —44 2,400 0.2 —14
10% CH,/CO, 5 2,250 2,440 2.0 —38 2,500 1.5 —34
Breath (a) 50 2,350 2,540 0.1 n/a 2,600 4.0 —26
Breath (b) 50 2,450 2,640 0.1 n/a 2,700 5.0 —26
1% CH4/CO2 (a) 100 150 340 3.5 —43 400 3.5 —38
1% CH4/CO2 (b) 100 250 440 3.5 —43 500 3.5 —38
1% CH4/CO2 (c) 100 350 540 3.5 —43 600 3.5 —38
S2 BH 04 Smp 11 (a) 20 450 640 5.0 —57 700 1.5 —47
S2 BH 04 Smp 11 (b) 20 550 740 5.0 —55 800 1.5 —47
S2 BH 04 Smp 11 (¢) 20 650 840 5.0 —55 900 1.5 —47
S1 BH 03/4 Smp 10 (a) 100 750 940 1.5 —62 1,000 1.0 —49
S1 BH 03/4 Smp 10 (b) 100 850 1,040 1.5 —63 1,100 1.0 —49
S1 BH 03/4 Smp 10 (c) 100 950 1,140 1.5 —63 1,200 1.0 —49
S1 BH 03/6 Smp 4 (a) 100 1,050 1,240 0.5 0 1,300 0.5 —14
S1 BH 03/6 Smp 4 (b) 100 1,150 1,340 0.5 0 1,400 0.5 —13
S1 BH 03/6 Smp 4 (c) 100 1,250 1,440 0.5 0 1,500 0.5 —13
S1 BH 03/4 Smp 9 (a) 100 1,350 1,540 1.0 —55 1,600 1.0 —49
S1 BH 03/4 Smp 9 (b) 100 1,450 1,640 1.0 —55 1,700 1.0 —49
S1 BH 03/4 Smp 9 (c) 100 1,550 1,740 1.0 —55 1,800 1.0 —48
S1 BH 03/7 Smp 4 (a) 20 1,650 1,840 8.0 —61 1,900 3.5 —51
S1 BH 03/7 Smp 4 (b) 20 1,750 1,940 8.0 —61 2,000 3.5 —51
S1 BH 03/7 Smp 4 (c) 20 1,850 2,040 8.0 —61 2,100 3.5 —51
60% CH,/40% CO, (a) 5 1,950 2,140 10.0 —44 2,200 6.0 —41
60% CH,/40% CO, (b) 5 2,050 2,240 10.0 —44 2,300 6.0 —41
60% CH4/40% CO, (c) 5 2,150 2,340 10.0 —44 2,400 6.0 —41
100% CO, (a) 5 2,250 2,440 0.0 0 2,500 9.0 —32
100% CO, (b) 5 2,350 2,540 0.0 0 2,600 10.0 —31
100% CH, (a) 5 2,450 2,640 12.0 —56 2,700 0.0 0
100% CH4 (b) 5 2,550 2,740 12.0 —56 2,800 0.0 0
1% CH4/C02 (a) 100 150 340 3.0 —43 400 3.0 —38
1% CH,/CO, (b) 100 250 440 3.0 —43 500 3.0 —38
Mineshaft 1 Smp 4 (a) 5 350 540 7.0 —48 600 0.2 —10
Mineshaft 1 Smp 4 (b) 5 450 640 7.0 —47 700 0.2 —10
Mineshaft 1 Smp 5 (a) 5 550 740 7.0 —46 800 0.2 -9
Mineshaft 1 Smp 5 (b) 5 650 840 7.0 —46 900 0.2 -9
Mineshaft 1 Smp 6 (a) 5 750 940 7.0 —46 1,000 0.2 —11
Mineshaft 1 Smp 6 (b) 5 850 1,040 7.0 —46 1,100 0.2 —12
Mineshaft 1 Smp 7 (a) 5 950 1,140 7.0 —46 1,200 0.2 —13
Mineshaft 1 Smp 7 (b) 5 1,050 1,240 7.0 —46 1,300 0.2 —10
Mineshaft 1 Smp 8 (a) 5 1,150 1,340 7.0 —46 1,400 0.2 —11
Mineshaft 1 Smp 8 (b) 5 1,250 1,440 7.0 —46 1,500 0.2 —13
Mineshaft 1 Smp 9 (a) 5 1,350 1,540 7.0 —46 1,600 0.2 —13
Mineshaft 1 Smp 9 (b) 5 1,450 1,640 7.0 —46 1,700 0.2 —11
Mineshaft 1 Smp 10 (a) 5 1,550 1,740 7.0 —46 1,800 0.2 —10
Mineshaft 1 Smp 10 (b) 5 1,650 1,840 6.0 46 1,900 0.2 —11
60% CH4/40% CO, (a) 5 1,750 1,940 7.0 —46 2,000 4.0 —41
60% CH4/40% CO, (b) 10 1,850 2,040 12.0 —42 2,100 6.0 —41
10% CH4/CO2 5 1,950 2,140 1.0 —39 2,200 1.0 —36
100% 002 5 2,050 2,240 0.0 0 2,300 4.0 —31
100% CH, 5 2,150 2,340 7.0 —56 2,400 0.0 0
1% CH,/CO, 100 150 340 3.5 —43 400 3.0 —38
S2 BH 12 Smp 4 (a) 60 250 440 2.5 —48 500 8.0 —33
S2 BH 12 Smp 4 (b) 60 350 540 2.5 —48 600 8.0 —33
S2 BH 12 Smp 5 (a) 60 450 640 2.0 —48 700 6.0 —32
S2 BH 12 Smp 5 (b) 60 550 740 2.0 —48 800 6.0 —33
S2 BH 12 Smp 6 (a) 60 650 840 3.0 —48 900 8.0 —33
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Inj CH, 1s CcoO, 15

Sample ID Amt e Pk CH, sCom, Pk co, §Cco,

Inj (pl) Time Int (%0) Time Int (%0)

(s)
) )

S2 BH 12 Smp 6 (b) 60 750 940 3.0 —48 1,000 8.0 —33
S2 BH 12 Smp 7 (a) 60 850 1,040 3.0 —48 1,100 8.0 —33
S2 BH 12 Smp 7 (b) 60 950 1,140 3.0 —48 1,200 8.0 —33
S1 BH 03/4 Smp 4 (a) 10 1,050 1,240 5.5 —55 1,300 2.0 —58
S1 BH 03/4 Smp 4 (b) 10 1,150 1,340 5.5 —55 1,400 2.0 —58
S1 BH 03/4 Smp 5 (a) 10 1,250 1,440 3.5 —55 1,500 2.0 —60
S1 BH 03/4 Smp 5 (b) 10 1,350 1,540 3.5 —59 1,600 2.0 —60
S1 BH 03/4 Smp 6 (a) 20 1,450 1,640 6.0 —59 1,700 4.0 —61
S1 BH 03/4 Smp 6 (b) 20 1,550 1,740 6.0 —59 1,800 4.0 —60
S1 BH 03/4 Smp 7 (a) 20 1,650 1,840 6.0 —59 1,900 4.0 —60
S1 BH 03/4 Smp 7 (b) 20 1,750 1,940 6.0 —59 2,000 4.0 —60
S1 BH 03/4 Smp 8 (a) 20 1,850 2,040 6.0 —59 2,100 4.0 —60
S1 BH 03/4 Smp 8 (b) 20 1,950 2,140 6.0 —59 2,200 4.0 —60
S2 BH 08 Smp 4 (a) 20 2,050 2,240 2.0 —54 2,300 3.0 —30
S2 BH 08 Smp 4 (b) 20 2,150 2,340 2.0 —55 2,400 3.0 —29
S2 BH 08 Smp 7 (a) 10 2,250 2,440 4.5 —56 2,500 2.0 —47
S2 BH 08 Smp 7 (b) 10 2,350 2,540 4.5 —55 2,600 2.0 —47
S2 BH 08 Smp 6 (a) 10 2,450 2,640 4.5 —55 2,700 2.0 —47
S2 BH 08 Smp 6 (b) 10 2,550 2,740 4.5 —55 2,800 2.0 —47
10% CH4/002 5 2,650 2,840 1.5 —42 2,900 1.0 —35
100% CH, 5 2,750 2,940 7.0 —56 3,000 0.0 0
100% C02 5 2,850 3,040 0.0 0 3,100 6.0 —31
North Sea Gas 5 2,950 3,140 7.0 —43 3,200 0.3 —17
1% CH,/CO, 100 150 340 3.5 —43 400 3.5 —38
60% CH, /40% CO, 5 250 440 6.0 —44 500 3.5 —41
S2 BH 04 Smp 4 (a) 10 450 640 4.0 —56 700 1.0 —47
S2 BH 04 Smp 4 (b) 10 550 740 4.0 —55 800 1.0 —47
S2 BH 04 Smp 5 (a) 10 650 840 4.0 —56 900 1.0 —47
S2 BH 04 Smp 5 (b) 10 750 940 4.0 —56 1,000 1.0 —47
S2 BH 04 Smp 6 (a) 10 850 1,040 4.0 —56 1,100 1.0 —47
S2 BH 04 Smp 6 (b) 10 950 1,140 4.0 —56 1,200 1.0 —47
S2 BH 04 Smp 7 (a) 10 1,050 1,240 4.0 —56 1,300 1.0 —47
S2 BH 04 Smp 7 (b) 10 1,150 1,340 4.0 —56 1,400 1.0 —47
S2 LFC Smp 4 (a) 10 1,250 1,440 6.0 —65 1,500 4.0 +5
S2 LFC Smp 4 (b) 10 1,350 1,540 7.0 —65 1,600 4.0 +6
S2 LFC Smp 5 (a) 10 1,450 1,640 7.0 —65 1,700 4.0 +6
S2 LFC Smp 5 (b) 10 1,550 1,740 7.0 —65 1,800 4.0 +6
S2 LFC Smp 6 (a) 10 1,650 1,840 7.0 —65 1,900 4.0 46
S2 LFC Smp 6 (b) 10 1,750 1,940 7.0 65 2,000 4.0 46
S2 LFC Smp 7 (a) 10 1,850 2,040 7.0 —65 2,100 4.0 +6
S2 LFC Smp 7 (b) 10 1,950 2,140 7.0 —65 2,200 4.0 +6
100% CH4 5 2,050 2,240 9.0 —57 2,300 0.0 0
100% CO, 5 2,150 2,340 0.0 0 2,400 4.0 —31
Breath 40 2,250 2,440 0.0 0 2,500 3.5 —27
North Sea Gas 5 2,350 2,540 8.0 —43 2,600 0.5 0
10% CH4/CO2 5 2,450 2,640 2.0 —37 2,700 1.0 —34

Table J.1:

Raw Stable Isotope Data compiled at Newcastle University for 135CCH4 %o and 135C002 Yoo
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For Table J.2:

e Reference Peak time = 125 & 2,910
o Reference Internal = 3.5
e Reference 6D = +95%0

Amt Inj Inj CH, Pk sDom

Sample ID Time A CH, Int
(pl) Time (s) (%0)

(s)

60%/40% CH, /CO, (a) 10 200 370 2.0 —193
60%/40% CH,/CO, (b) 10 250 420 2.3 —198
60%/40% CH, /CO, (c) 10 550 720 2.0 —195
60%/40% CH,/CO, (d) 10 600 770 2.0 —196
100% CH, (a) 10 300 470 0.5 —198
100% CH, (b) 10 350 520 3.0 —189
100% CH, (c) 10 1,800 1,970 2.5 —191
100% CH, (d) 10 1,850 2,020 2.5 —189
100% CH, (e) 10 200 370 2.5 —184
100% CH, () 10 250 420 2.5 —188
S1 BH 03/7 Smp 10 (a) 100 400 570 0.5 —269
S1 BH 03/7 Smp 10 (b) 100 450 620 0.5 —149
S1 BH 03/7 Smp 10 (c) 100 300 470 0.5 —239
S1 BH 03/7 Smp 10 (d) 100 350 520 0.5 —269
S1 BH 03/7 Smp 10 (e) 100 400 570 0.5 —249
S1 BH 03/7 Smp 10 (f) 100 750 920 0.5 —260
S1 BH 03/7 Smp 10 (g) 100 800 970 0.5 —235
S2 BH 12 Smp 7 (a) 100 500 670 0.7 +67
S2 BH 12 Smp 7 (b) 100 550 720 0.7 +47
S2 BH 12 Smp 7 (c) 100 660 830 0.7 +48
S2 BH 12 Smp 7 (d) 100 700 870 0.7 +56
S2 LFC Smp 8 (a) 60 600 770 1.5 —315
S2 LFC Smp 8 (b) 60 650 820 1.5 —317
S1 BH 03/4 Smp 7 (a) 30 700 870 1.5 —284
S1 BH 03/4 Smp 7 (b) 30 750 920 1.5 —291
S2 BH 04 Smp 8 (a) 20 800 970 1.5 —177
S2 BH 04 Smp 8 (b) 20 850 1,020 1.5 —167
S2 Flare Smp 4 (a) 10 900 1,070 1.5 —322
S2 Flare Smp 4 (b) 10 950 1,120 1.5 —315
S2 BH 04 Smp 11 (a) 20 1,000 1,170 1.2 —170
S2 BH 04 Smp 11 (b) 20 1,050 1,220 1.2 —168
S2 BH 04 Smp 7 (a) 20 1,100 1,270 1.5 —167
S2 BH 04 Smp 7 (b) 20 1,150 1,320 1.5 —163
S1 BH 03/4 Smp 4 (a) 20 1,200 1,370 1.5 —295
S1 BH 03/4 Smp 4 (b) 20 1,250 1,420 1.5 —305
S1 B 03/4 Smp 4 (c) 20 2,160 2,320 1.5 —204
S2 BH 08 Smp 7 (a) 20 1,300 1,470 1.4 —169
S2 BH 08 Smp 7 (b) 20 1,350 1,520 1.4 —168
S2 BH 08 Smp 7 (c) 20 2,210 2,380 1.4 —181
Mineshaft 1 Smp 7 (a) 5 1,400 1,570 0.8 —212
Mineshaft 1 Smp 7 (b) 5 1,450 1,620 1.1 —215
Mineshaft 1 Smp 7 (c) 10 2,000 2,170 2.0 —215
North Sea Gas (a) 10 1,500 1,670 3.3 —206
North Sea Gas (b) 10 1,550 1,720 3.3 —206
North Sea Gas (c) 10 460 630 3.0 —199
North Sea Gas (d) 10 510 680 3.0 —201
Mineshaft 2 Smp 4 (a) 10 1,600 1,770 1.0 —213
Mineshaft 2 Smp 4 (b) 10 1,650 1,820 1.0 —208
Mineshaft 2 Smp 4 (c) 10 2,100 2,270 1.0 —204

Table J.2: Raw Stable Isotope Data compiled at Newcastle University for 136CCH4 %o and 1350002 %o
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Sample ID 136001_[4 Response (SDCH4 Response 1360002 Response
(%) (ppmv) (%) (ppmv) (%) (ppmv)
Site 1 BH 03/4 —54.07 111,749 —307.1 115,445 —57.67 62,359
Site 1 BH 03/6 N/A N/A N/A N/A —48.92 16,231
Site 1 BH 03/7 —60.60 110,210 —238.1 147,964 —50.48 41,913
Site 2 BH 04 —53.77 134,647 —158.2 112,513 —46.74 32,196
Site 2 BH 08 —53.80 10,782 —137.3 14,182 —28.10 23,226
Site 2 BH 12 —47.06 8,651 +74.0 9,407 —32.79 34,227
Site 2 Flare —63.58 371,269 —309.8 225,077 +6.96 144,926
Site 2 Landfill Cell —62.12 172,458 —326.3 157,648 +6.50 120,304
Mineshaft Vent 1 —43.05 1,020,260 —202.6 1,008,411 —9.21 9,250
Mineshaft Vent 2 —49.85 256,954 —204.2 212,987 —48.81 8,270

Table J.3: Stable Isotope Ratios Measured at UC Davis Stable Isotope Facility

13 CH4 Calibration Standards C’D4 Calibration Standards 13002 Calibration Standards
Measured Known Measured Known Measured Known
Standard 13 13 Standard Standard 13 13
6CCH4 §CCH4 ‘SDCH4 6DCH4 5Cco2 50002
(%e0) (%e0) (%0) (%e0) (%0) (%e0)
Check Standards
UCDMI1-new —39.05 —39.0 UCDM1-new —172.1 —175.0 UCDC1 —35.43 —35.40
UCDM1-new —39.05 —39.0 UCDM1-new —178.2 —175.0 UCDC1 —35.36 —35.40
UCDM1-new —39.00 —39.0 UCDM1-new —174.4 —175.0 UCDC1 —35.29 —35.40
UCDM1-new —38.97 —39.0 UCDM1-new —176.3 —175.0 UCDC1 —35.49 —35.40
UCDMI1-new —38.99 —39.0 UCDM1-new —177.1 —175.0 UCDC1 —35.33 —35.40
UCDM1-new —38.96 —39.0 UCDM1-new —171.9 —175.0 UCDC1 —35.43 —35.40
UCDM1-new —38.93 —39.0 UCDC1 —35.44 —35.40
UCDM1-new —39.05 —39.0
UCDM1-new —38.99 —39.0
Average —39.00 Average —175.0 Average —35.39
Std Dev 0.04 Std Dev 2.6 Std Dev 0.07
Calibration Standards
Beecher —60.91 —60.8 Beecher —223.8 —223.2 0Z-40 —40.83 —40.81
Beecher —61.01 —60.8 Beecher —222.9 —223.2 0Z-40 —40.79 —40.81
Beecher —221.2 —223.2 0Z-40 —40.79 —40.81
043332T —39.82 —39.8 043332T —163.0 —160.3 0Z-10 —10.48 —10.41
043332T —39.92 —39.8 043332T —162.7 —160.3 0Z-10 —10.40 —10.41
043332T —160.5 —160.3 0Z-10 —10.40 —10.41
AH024079 —49.32 —49.3 AH024079 —175.2 —173.3 0Z-3 —3.59 —3.57
AH024079 —49.61 —49.3 AHO024079 —175.0 —173.3 0OZ-3 —3.60 —3.57
AHO024079 —169.7 —173.3 OZ-3 —3.57 —3.57
Secondary Check Standards
H iso —23.92 —23.9 H iso —162.3 —161.3 0.2% CO, —15.30 N/A
H iso —23.89 —23.9 H iso —162.4 —161.3 0.2% CO, —15.34 N/A
H iso —160.0 —161.3 0.2% CO, —15.33 N/A
L iso —66.46 —66.5 L iso —179.9 —178.2 Outside air —9.01 N/A
L iso —66.40 —66.5 L iso —178.5 —178.2 Outside air —8.84 N/A
L iso —180.0 —178.2 Outside air —8.57 N/A
B iso —54.67 —54.5 B iso —278.3 —276.1 0.5% CO, —41.42 N/A
B iso —54.61 —54.5 B iso —278.9 —276.1 0.5% CO, —51.66 N/A
B iso —274.6 —276.1 0.5% CO, —41.39 N/A
T iso —38.44 —38.3 NG1 —186.6 —185.1
T iso —38.54 —38.3 NG1 —182.8 —185.1
NG1 —34.06 —34.2 NG2 —238.2 —237.0
NG1 —34.62 —34.2 NG2 —235.1 —237.0
Scotty —182.9 —185.0
Scotty —182.1 —185.0

Table J.4: Calibration Standards Stable Isotope Ratios Measured at UC Davis Stable Isotope Facility
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Figure K.1: Artificial Borehole Initial Concept
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Figure K.2: Refined Artificial Borehole Design
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Figure K.3: Artificial Borehole Design Technical Drawing with Annotations




344 APPENDIX K. ARTIFICIAL BOREHOLE TECHNICAL DRAWINGS

L oo x €oB

e | mepe

Figure K.4: Artificial Borehole Design Details



Appendix L

Artificial Borehole Ancillary Data

Artificial Borehole Performance, Temperature Change and Rejected Data
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Figure L.1: Artificial Borehole Pressure Change during 100% CO,, in Air Experiment (12/02/2015 — 13/02/2015)
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Figure L.2: Artificial Borehole Pressure Change during 20% CO, / 10% CH, in Air Experiment (17/03/2015 —
18/03/2015)
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Figure L.3: Artificial Borehole 40% CO, / 60% CH, in Air Experiment Trial 1 (16/07/2015 — 17/07/2015)

The data from this experiment were rejected owing to the incorrect ratio of

CH,:CO, acquired from the GC-MS analysis. The expected ratio of 1.5 was not

observed. It was likely that the samples had expired owing to a 2 month time lag

between sample acquisition and sample analysis.
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Figure L.4: Artificial Borehole Pressure Change during 40% CO, / 60% CH, in Air Experiment Trial 1 (16/07/2015
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Figure L.5: Artificial Borehole Temperature Change during 40% CO, / 60% CH, in Air Experiment Trial 1
(16/07/2015 — 23/07/2015)
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Figure L.6: Artificial Borehole Pressure Change during 40% CO,, / 60% CH, in Air Experiment Trial 2 (31/08/2016
~ 01/09/2016)
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Figure L.7: Artificial Borehole Temperature Change during 40% CO, / 60% CH, in Air Experiment Trial 2
(31/08/2016 — 01/09/2016)
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Figure L.8: Artificial Borehole 40% CO, / 60% CH, in Air Experiment Trial 3 (12/09/2016 — 13/09/2016)

The data from the 40% CO, / 60% CH, were rejected as the ratio of CH, to
CO, ranged from 1.75 to 2.0. This was greater than the relative amounts of the

gases injected into the reservoir. A GC-MS calibration error may have occurred.
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Figure L.9: Artificial Borehole Pressure Change during 40% CO, / 60% CH, in Sand Experiment (12/09/2016 —

13/09/2016)
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Figure L.10: Artificial Borehole Temperature Change during 40% CO, / 60% CH, in Sand Experiment

(12/09/2016 — 13/09/2016)
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Figure L.11: Artificial Borehole Pressure Change during 40% CO, / 60% CH, in Sand Experiment (19/09/2016
~20/09/2016)
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Figure L.12: Artificial Borehole Temperature Change during 40% CO, / 60% CH, in Sand Experiment
(19/09/2016 — 20/09/2016)
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Figure L.13: Artificial Borehole Pressure Change during 100% CO, in Sand Experiment (22/09/2016 —
23/09/2016)
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Figure L.14: Artificial Borehole Temperature Change during 100% CO, in Sand Experiment (22/09/2016 —
23/09/2016)
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Figure L.15: Artificial Borehole Pressure Change during 100% CO, in Sand Experiment (24/09/2016 —
25/09/2016)
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Figure L.16: Artificial Borehole Temperature Change during 100% CO, in Sand Experiment (24/09/2016 —
25/09/2016)
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Figure L.17: Pico TC-08 Thermocouple Data Logger Calibration
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Leighton Buzzard Sand Specification
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Figure L.18: Leighton Buzzard Sand Particle Size Distribution
s 1 Tray Tray Tray + Tray + Diff in Tray + Diff in Tray + Diff in
am e
P No. Wet Sand Dry Sand Mass Dry Sand Mass Dry Sand Mass
(2) (2) (2) (%) (8) (%) (2) (%)
Fresh 1 642.6 1644.2 1636.6 0.8 1636.6 0.0 1636.6 0.0
smsd 2 622.7 1626.2 1620.2 0.6 1620.0 0.02 1620.0 0.0
an 3 645.5 1646.7 1642.7 0.4 1642.7 0.0 1642.7 0.0
Lab 4 473.2 1473.3 1472.7 0.1 1472.5 0.02 1472.5 0.0
Sa d 5 286.5 1286.5 1285.9 0.1 1285.8 0.01 1285.8 0.0
an 6 276.5 1277.0 1276.4 0.1 1276.4 0.0 1276.4 0.0
Table L.1: Leighton Buzzard Sand Drying Measurements
s 1 Tray Tray Tray + Wet Tray + Dry Mass Moisture Mean / St
ampie No. ‘Wet Sand Sand Dry Sand Sand Change Content Dev / RSD
(g) (8) (8) (g) (8) (8) (%) (%)
Fresh 1 642.6 1644.2 1001.6 1636.6 994.0 7.6 0.76 0.59
Srebd 2 622.7 1626.2 1003.5 1620.0 997.3 6.2 0.62 0.18
an 3 645.5 1646.7 1001.2 1642.7 997.2 4.0 0.40 30.6
Lab 4 473.2 1473.3 1000.1 1472.5 999.3 0.8 0.08 0.07
Sa B 5 286.5 1286.5 1000.0 1285.8 999.3 0.7 0.07 0.01
an 6 276.5 1277.0 1000.5 1276.4 999.9 0.6 0.06 14.4
Table L.2: Leighton Buzzard Sand Moisture Content
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GC-MS Calibration Standards
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Figure L.19: 20% CO, / 10% CH, GC-MS Calibration Standard
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Figure L.20: 40% CO, / 60% CH, GC-MS Calibration Standard
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GC-MS Standard Error Calculation

Methane

355

Sample / Standard Peak Area Concentration (%)
1,229,169 1,184,252 Mean 1.070 1.033 Mean
1% CH, 1,169,745 39,704 St Dev 1.021 0.0327 St Dev
1,153,842 22,923 St Err 1.008 0.0189 St Err
15,649,826 15,832,425 Mean 10.1 10.3 Mean
10% CH, 16,022,501 186,450 St Dev 10.4 0.107 St Dev
15,824,948 107,647 St Err 10.2 0.0619 St Err
165,635,352 167,467,229 Mean 60.6 61.1 Mean
60% CH, 166,733,844 2,288,471 St Dev 60.9 0.687 St Dev
170,032,491 1,321,249 St Err 61.9 0.396 St Err
24,949 24,949 Mean 0.0936 0.0936 Mean
4.4.1 25,285 336 St Dev 0.0948 0.00121 St Dev
24,613 194 St Err 0.0924 0.000699 St Err
30,737 31,230 Mean 0.114 0.116 Mean
4.6.2 31,398 434 St Dev 0.117 0.00156 St Dev
31,555 250 St Err 0.117 0.000903 St Err
37,855 38,041 Mean 0.140 0.141 Mean
4.19.3 38,126 162 St Dev 0.141 0.000582 St Dev
38,143 93.3 St Err 0.141 0.000336 St Err
44,530 43,876 Mean 0.164 0.162 Mean
4.4.4 44,486 1,094 St Dev 0.164 0.00394 St Dev
42,613 632 St Err 0.157 0.00228 St Err
66,797 66,602 Mean 0.244 0.244 Mean
4.1.5 66,479 170 St Dev 0.243 0.000614 St Dev
66,532 98.4 St Err 0.243 0.000354 St Err
67,261 66,736 Mean 0.246 0.244 Mean
4.13.24 67,161 824 St Dev 0.246 0.00297 St Dev
65,787 476 St Err 0.241 0.00171 St Err
2,236,278 2,192,122 Mean 2.48 2.45 Mean
6.2.2 2,195,299 45,827 St Dev 2.45 0.0352 St Dev
2,144,790 26,458 St Err 2.41 0.0203 St Err
2,044,272 2,040,807 Mean 2.36 2.33 Mean
6.8.6 2,062,211 23,331 St Dev 2.35 0.0179 St Dev
2,015,937 13,470 St Err 2.31 0.0103 St Err
1,788,289 1,753,104 Mean 2.14 2.11 Mean
6.10.12 1,754,618 35,966 St Dev 2.11 0.0276 St Dev
1,716,405 20,765 St Err 2.08 0.0159 St Err
2,118,904 2,076,128 Mean 2.40 2.37 Mean
7.13.9 2,079,392 44,498 St Dev 2.37 0.0343 St Dev
2,030,087 25,691 St Err 2.33 0.0198 St Err
2,068,171 2,057,283 Mean 2.36 2.36 Mean
7.16.12 2,047,128 10,541 St Dev 2.35 0.00812 St Dev
2,056,551 6,086 St Err 2.35 0.00469 St Err
2,041,963 2,014,022 Mean 2.34 2.32 Mean
7.13.24 2,020,966 31,983 St Dev 2.33 0.0246 St Dev
1,979,138 18,465 St Err 2.30 0.0142 St Err
242,190 241,637 Mean 0.975 0.975 Mean
8.7.3 238,866 2,540 St Dev 0.973 0.00199 St Dev
243,856 1,467 St Err 0.977 0.00115 St Err
2,783,865 2,757,960 Mean 2.97 2.95 Mean
8.1.12 2,765,858 30,628 St Dev 2.96 0.0240 St Dev
2,724,157 17,683 St Err 2.92 0.0139 St Err
617,600 601,637 Mean 1.27 1.26 Mean
8.19.24 601,104 15,703 St Dev 1.26 0.0123 St Dev
586,207 9,066 St Err 1.25 0.00712 St Err

Table L.3: CH, GC-MS Standard Error Calculation
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Carbon Dioxide

Sample / Standard Peak Area Concentration (%)
16,097,648 15,918,852 Mean 1.019 1.008 Mean
1% CO, 15,714,896 192,612 St Dev 0.996 0.0116 St Dev
15,944,011 111,205 St Err 1.010 0.00668 St Err
228,438,041 232,393,174 Mean 10.6 10.7 Mean
10% CO, 232,747,818 3,790,275 St Dev 10.8 0.126 St Dev
235,993,662 2,188,316 St Err 10.9 0.0729 St Err
375,616,284 384,204,579 Mean 19.2 19.6 Mean
20% CO, 396,784,511 11,134,331 St Dev 20.2 0.557 St Dev
380,212,942 6,428,409 St Err 19.4 0.321 St Err
582,290,078 582,683,107 Mean 43.5 43.5 Mean
40% CO, 574,065,206 8,820,985 St Dev 42.9 0.588 St Dev
591,694,037 5,092,798 St Err 44.1 0.340 St Err
198,611 166,731 Mean 0.237 0.199 Mean
3.1.1 158,328 28,618 St Dev 0.190 0.0311 St Dev
143,256 16,522 St Err 0.174 0.0180 St Err
166,197 165,030 Mean 0.237 0.198 Mean
3.5.2 160,720 3,861 St Dev 0.198 0.00420 St Dev
168,174 2,229 St Err 0.192 0.00242 St Err
3,122,559 3,120,920 Mean 3.92 3.92 Mean
3.3.3 3,141,644 21,589 St Dev 3.94 0.0215 St Dev
3,098,558 12,464 St Err 3.90 0.0124 St Err
2,774,785 2,707,706 Mean 3.44 3.38 Mean
3.4.4 2,734,817 83,982 St Dev 3.40 0.0846 St Dev
2,613,518 48,487 St Err 3.28 0.0489 St Err
1,388,313 1,379,675 Mean 1.72 1.71 Mean
3.6.5 1,386,429 13,363 St Dev 1.72 0.0161 St Dev
1,364,283 7,715 St Err 1.69 0.00932 St Err
7,737,147 7,720,685 Mean 9.09 9.07 Mean
3.1.6 7,759,900 49,540 St Dev 9.11 0.0523 St Dev
7,665,010 28,602 St Err 9.01 0.0234 St Err
4,188,961 4,119,139 Mean 4.88 4.81 Mean
3.4.7 4,147,789 87,727 St Dev 4.84 0.0897 St Dev
4,020,669 50,649 St Err 4.71 0.0401 St Err
4,018,682 3,968,500 Mean 4.71 4.66 Mean
3.7.24 3,965,163 48,598 St Dev 4.65 0.0497 St Dev
3,921,657 28,058 St Err 4.61 0.0222 St Err
4,877,359 4,871,835 Mean 3.86 3.85 Mean
3.10.168 4,992,567 123,586 St Dev 3.95 0.100 St Dev
4,745,580 71,352 St Err 3.75 0.0447 St Err
206,562 207,199 Mean 0.187 0.187 Mean
4.4.1 208,365 1,011 St Dev 0.188 0.000772 St Dev
206,672 584 St Err 0.187 0.000446 St Err
258,930 258,111 Mean 0.227 0.226 Mean
4.6.2 260,128 2,528 St Dev 0.228 0.00193 St Dev
255,275 1,460 St Err 0.224 0.00112 St Err
305,378 304,606 Mean 0.262 0.262 Mean
4.19.3 303,033 1,363 St Dev 0.260 0.00104 St Dev
305,409 787 St Err 0.262 0.000601 St Err
345,505 344,266 Mean 0.293 0.292 Mean
4.4.4 347,995 4,479 St Dev 0.295 0.00342 St Dev
339,298 2,586 St Err 0.288 0.00198 St Err
540,609 537,835 Mean 0.442 0.440 Mean
4.1.5 536,575 2,406 St Dev 0.439 0.00184 St Dev
536,321 1,389 St Err 0.439 0.00106 St Err
535,278 543,800 Mean 0.438 0.444 Mean
4.13.24 551,115 7,987 St Dev 0.450 0.00610 St Dev
545,007 4,611 St Err 0.445 0.00352 St Err
26,692,231 26,151,459 Mean 2.28 2.25 Mean
6.2.2 26,502,687 778,286 St Dev 2.27 0.0380 St Dev

25,259,459 449,344 St Err 2.21 0.0219 St Err
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Sample / Standard Peak Area Concentration (%)
24,423,810 24,295,532 Mean 2.17 2.16 Mean
6.8.6 24,387,384 191,506 St Dev 2.17 0.00935 St Dev
24,075,402 110,566 St Err 2.15 0.00540 St Err
20,622,545 20,376,329 Mean 1.98 1.97 Mean
6.10.12 20,575,500 386,434 St Dev 1.98 0.0189 St Dev
19,930,941 223,108 St Err 1.95 0.0109 St Err
24,501,018 24,256,564 Mean 2.18 2.17 Mean
7.13.9 24,285,852 260,337 St Dev 2.17 0.0128 St Dev
23,982,822 150,305 St Err 2.16 0.00737 St Err
24,357,582 24,158,431 Mean 2.17 2.17 Mean
7.16.12 24,159,787 199,832 St Dev 2.17 0.00980 St Dev
23,957,924 115,373 St Err 2.16 0.00566 St Err
24,017,494 23,686,626 Mean 2.16 2.14 Mean
7.13.24 23,754,316 369,395 St Dev 2.15 0.0181 St Dev
23,288,067 213,270 St Err 2.12 0.0105 St Err
1,943,761 1,892,713 Mean 0.169 0.166 Mean
8.7.3 1,873,664 44,681 St Dev 0.165 0.00268 St Dev
1,860,714 25,796 St Err 0.164 0.00155 St Err
29,754,010 29,377,646 Mean 2.49 2.47 Mean
8.1.12 29,217,634 327,156 St Dev 2.46 0.0164 St Dev
29,161,293 188,884 St Err 2.46 0.00944 St Err
2,417,485 2,314,999 Mean 0.198 1.91 Mean
8.19.24 2,306,446 98,488 St Dev 0.191 0.00591 St Dev
2,221,066 56,862 St Err 0.186 0.00341 St Err
1,391,517 1,373,599 Mean 0.136 0.135 Mean
9.16.12 1,376,216 19,359 St Dev 0.135 0.00116 St Dev
1,353,065 11,177 St Err 0.134 0.000671 St Err

Table L.4: CO, GC-MS Standard Error Calculation
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ABSTRACT: Understanding the exchange of carbon dioxide
(CO,) and methane (CH,) between the geosphere and
atmosphere is essential for the management of anthropogenic
emissions. Human activities such as carbon capture and storage
and hydraulic fracturing (“fracking”) affect the natural system
and pose risks to future global warming and to human health
and safety if not engineered to a high standard. In this paper an
innovative approach of expressing ground gas compositions is
presented, using data derived from regulatory monitoring of
boreholes in the unsaturated zone at infrequent intervals
(typically 3 months) with data from a high frequency
monitoring instrument deployed over periods of weeks. Similar
highly variable trends are observed for time scales ranging from
decades to hourly for boreholes located close to sanitary landfill
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sites. Additionally, high frequency monitoring data confirm the effect of meteorological controls on ground gas emissions; the
maximum observed CH, and CO, concentrations in a borehole monitored over two weeks were 40.1% v/v and 8.5% v/v
respectively, but for 70% of the monitoring period only air was present. There is a clear weakness in current point monitoring
strategies that may miss emission events and this needs to be considered along with obtaining baseline data prior to starting any

engineering activity.

B INTRODUCTION

The exchange of carbon dioxide (CO,) and methane (CH,)
between the geosphere and atmosphere is a key component of
the global carbon cycle. At the advent of industrialization,
atmospheric CO, concentration was 280 ppm and has
subsequently increased so that it now exceeds 400 ppm.'
This figure is projected to reach 600—800 ppm by the close of
the century." It is believed that the rise in CO, concentration in
the Earth’s atmosphere is linked to global climate change.”* As
well as CO,, CH, also occurs naturally in the ground. With a
global warming potential (GWP) 21 times greater than co,*
its emission to the atmosphere is considered to be one of the
greatest environmental challenges of the 21st Century. In
addition to emissions of CO, from the combustion of fossil
fuels, which account for the major part of the post-industrial
increase,” CO, exchange between the coupled plant—soil
system and the atmosphere is a major control of atmospheric
CO,.

Carbon Capture and Storage (CCS) is recognized by the
Intergovernmental Panel on Climate Change (IPCC) and the
United Nations Framework Commission on Climate Change
(UNECCC)® as a potentially important mitigation strategy
against climate change due to CO,. Geological storage is
technically feasible and under favorable conditions, CO, may be
retained for millions of years.”® Nonetheless, there are

A\ 4 ACS Publications  © 2014 American Chemical Society 13610

accompanying risks of leaks as well as blowouts that can
compromise the security of an operation.® Additionally,
pumping CO, into deep geologic formations at high pressure
may induce earthquakes and reduce groundwater pH,
potentially enhancing contaminant mobility.” Monitoring for
possible leaks is required to ensure the integrity of contain-
ment.

Hydraulic fracturing (“fracking”) associated with the
production of natural gas has been highlighted as another
environmental concern.'”"! During the process, water
containing chemical additives and a physical proppant is
injected into shale formations through boreholes at high
pressure. Liberation of gases trapped within the shale occurs as
fractures spread. There is a possibility that CH, may leak from
the subsurface via a number of pathways. In locations where
groundwater is contaminated by CH,, there is scope for
associated contamination of the overlying vadose zone.

For well-informed management of deep engineering
processes that have the potential to affect greenhouse gas
emissions, there is a need to understand the background levels
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of CH, and CO, in soils, superficial unconsolidated sediment
deposits and groundwater systems and, importantly, the extent
of their temporal variability. In this paper, the compositions of
gases (“ground gas”) within near-surface unconsolidated sands
confined by a clay cover were investigated. Also, the
implications of temporal variability for the design and
interpretation of ground gas monitoring procedures are
considered.

Emissions of gases from soils vary in their origin. Near
surface fluxes of CO, and CH, from biologically active soils
occur in response to microbial respiration, and occur rapidly
after the formation of the gas."> Concentrations of CO, and
CH, in soils dominated by plant roots and associated microbial
systems are typically very low, below 1% v/v.'>'* Below the
biologically active soil, sedimentary geological processes
produce CO, and CH,, whose proportions vary according to
specific geological circumstances. Natural fluxes of CO, and
CH, to the atmosphere include contributions from both
geological and biological sources. Artificial sources of gases
within soil include sanitary landfill, where anaerobic microbial
processes characteristically produce gas containing up to 70%
CH, and 30% CO,."* Once formed, geological gases migrate
through permeable and fractured formations until trapped or
released to the atmosphere. Similarly, gases produced in
landfills migrate, laterally as well as vertically, if containment
systems fail. Monitoring systems in the vicinity of landfills are
designed to detect migration so that appropriate action can be
taken.

Specifically considered are the compositions of gases within
shallow unconsolidated sands capped by glacial till. Landfills
have been constructed in these formations within the UK and
monitoring regimes are in place to assess the integrity of
containment. Boreholes outside landfills are used to determine
gas compositions. Thus, there is access to a resource of
historical monitoring data that extends back many years. CO,
and CH, in the sands may be derived from sources other than
landfill, including natural migration from underlying strata, in
this case, coal-bearing. Given that the sites lie within an area of
search for shale gas (Figure 1), it is important to understand the
origin of variability in gas compositions prior to any possible
future deep engineering activities. Historic periodic and recent
high frequency monitoring data obtained from outside landfill
sites are compared, with reference to data from a site with a
similar geological setting, but distant from landfill. The use of
different temporal scales of observation has major implications
for the planning and interpretation of ground gas monitoring
procedures, with a wide range of applications.

B DEEP GEOLOGICAL SOURCES OF GAS IN THE UK

Gas is a natural component of the geological subsurface,
occurring within rock pores and fractures, and migrating in
response to pressure gradients (ie., generally to the surface,
unless trapped). Geological gases have a wide range of
compositions, depending on their origin. The focus of this
paper is on CO, and CH,, which are formed naturally as a
consequence of the decomposition (diagenesis) of organic
matter within sediments and sedimentary rocks. In deep
sediments, if geological factors are right, these gases accumulate
in reservoirs which form the target of petroleum exploration.
Current focus on unconventional sources of natural gas
includes shale gas, tight gas and coal bed CH,.'® Production
from these sources may require artificial fracturing, and there
are concerns that “fracking” may cause gases to leak to shallow
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Figure 1. Outline of the Bowland-Hodder Unit outcrop and subcrop
(after Andrews™?), with monitoring locations.

groundwater systems or to escape to the atmosphere through
the soil.'”'®

In addition to considering geological gas as a resource, CCS
procedures require injection of CO, into deep formations
where it is to be stored.'*>' Again, monitoring of ground gas
compositions is required to ensure that there is no leakage from
an underground store of captured CO,.

In the UK, an evaluation of shale gas resources> identifies
Carboniferous sequences in northern England as a priority area,
and a more detailed study of the Bowland-Hodder unit is
presented by the British Geological Survey.”> Lower Carbon-
iferous rocks that might be a source of shale gas extend from
the Cheshire Basin north through Lancashire, and east to
Yorkshire and Lincolnshire (Figure 1). Throughout this region,
Carboniferous rocks occur at depth, beneath younger
sedimentary rocks and superficial deposits, as well as out-
cropping.

This study considers locations (Figure 1) within the area of
shale gas potential where gas monitoring data have been
obtained before any investigation or exploitation of shale gas
reserves. It provides baseline information that demonstrates the
temporal variability of natural ground gas compositions for
unconsolidated Quaternary sands capped by glacial till, which
are below the root zone. These data represent ground gases
that have accumulated in sands by migration from depth or by
lateral movement, and that may be derived from artificial (such
as landfill) or natural sources (such as coal-bearing rocks). Full
details of the sites are provided as Supporting Information (SI).

Bl DATA COMPILATION

Data Sources. Monitoring data were obtained for two
landfill sites in Cheshire, UK (SI); the sites differ geologically
and produce contrasting gas signatures. Site 1, a closed landfill,
is situated in thick Quaternary deposits with no known

dx.doi.org/10.1021/e5502528¢ | Environ. Sci. Technol. 2014, 48, 1361013616
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potential external (geological) source of CHy or CO,.
Conversely, Site 2 is situated in Quaternary deposits overlying
thin Permo-Triassic bedrock, with underlying Coal Measures
(Carboniferous; Westphalian) which provide a potential source
of geogenic gas. Additionally, Site 2 is adjacent to a second
older landfill, constructed to a lower technical specification. The
Control Site was chosen at a location with similar geology to
Site 1, but with no associated landfill. Details of the ground
conditions at each site are given in the SIL.

Historic Measurement of Gas Composition. Histor-
ically, gas composition has been measured in accordance with
regulatory requirements using hand-held gas monitors, as
frequently as daily (Site 2) to as infrequently as quarterly (Site
1). Measurements were made using a Geotech UK GA2000
Landfill Gas Analyzer until 2012, after which a Gas Data Ltd.
GFM43S landfill gas analyzer was used. One of the limitations
of changes of instrumentation over a period of several years is
that data sets may not be directly comparable. Both gas
monitoring instruments employ a dual beam infrared
absorption method to quantify the concentration of CH,,
CO, and oxygen (O,) in a flowing gas. The balance is assumed
to be nitrogen (N,). However, the instruments differ in their
measurement of borehole flow. The GA2000 pressure trans-
ducer is equipped with a set resistor in order to minimize flow.
It is argued that this will more closely reflect true borehole
conditions as the act of opening the borehole valve will disrupt
equilibrium conditions. Conversely, the GFM435 pressure
transducer does not have this specification.

Measurement of Gas Composition at High Temporal
Resolution. High temporal resolution data capture was
achieved using a GasClam instrument, by which gas
compositions can be recorded at intervals as short as 3
min.”" The GasClam also records atmospheric pressure and
temperature as well as gas composition, avoiding an additional
limitation of hand-held gas monitors.”® The instrument has,
according to the manufacturer, a range 0—100% for CH, and
CO,, with a stated detection limit of 0.1% for both gases. In
practice, observed nonzero minimum concentrations for CH,
and CO, were 0.4% and 0.1%, respectively, and observed
maximum values were 57.1% and 10.8% respectively.

B ANALYSIS OF GAS MONITORING DATA

Two graphical approaches have been used to present the gas
monitoring data. In the first, compositional data are compared
in a ternary plot in terms of the measured CH,, CO, and O,
content normalised to N, (assuming N, to be the balance, ie.,
100 — XCH, + CO, + 0,)). This allows the relative
proportions of CH, and CO, to be compared irrespective of
any dilution by air, the O,/N, ratio indicating whether this has
occurred and the extent to which O, has been removed, as N,
can be regarded as non-reactive.”® In a plot of this type, “end
member” compositions can be identified, so that an array of
observed data points can be explained as mixtures of gases from
different sources, and the characteristics of one borehole can be
compared with another. The second graphical approach is to
show variation with time in absolute gas concentration (% v/v)
measured at high frequency and how this is affected by
atmospheric pressure conditions.

Monitoring Wells Near a Landfill Where There Is No
Known Input from Coal-Bearing Rocks. Figure 2 shows the
gas composition recorded over a period of 10 years at boreholes
on Site 1. BH 1 is located on the southern boundary of the
landfill (SI Figure S1), and produced a methane-rich gas
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Figure 2. Gas compositions for monitoring wells on Site 1 (2003—
2013), indicating (Figure 2a) expected plotting positions of landfill gas

and air.

signature (70:30 CH,/CO,) which is attributed to landfill gas
given the close proximity of the borehole to the edge of the
landfill. Values recorded at 100% O,/N, correspond to air.
There is some evidence of mixing between landfill gas and air at
this location, but this was observed on few occasions (points
between the two end member compositions).

BH 2 is approximately 25 m south of the landfill perimeter,
and shows a more diffuse scatter of data. There is still a strong
indication of the presence of landfill gas but the proportion of
CH, is lower (Figure 2), suggesting mixing with more CO,-rich
gas, or removal of CH, by biological processes. BH 3, 100 m
away from the landfill, records no landfill gas (Figure 2).

High Frequency Monitoring. Gas compositions were
measured at Site 1, borehole BH 1, on a 30 min sampling
frequency program with the instrument vent closed to ensure
that borehole conditions were not disturbed during sampling.
Figure 3 shows the results of sampling for a two week period
starting Monday 29th October 2013.

During this period, there were three successive rises and falls
in atmospheric pressure. The falls occurred on 2nd, 3rd, and
Sth November, each with similar gradients. Accordingly, with
each fall, corresponding peak concentrations of CH, (up to
40%) and CO, (up to 10%) were observed, the balance being
N,. As CH, and CO, appear in the borehole, O, concentration
decreases to 0% from atmospheric concentration (~20%). For
the observed borehole, the change is very sensitive to
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Figure 3. Gas monitoring time-series data collected from GasClam
against atmospheric pressure and differential pressure (BH 1Site 1),
and gas monitoring time-series data against atmospheric pressure
(control site).

atmospheric pressure, usually occurring over 2—4 h and with as
little as 3 mbar change in pressure. Concentrations of CH, and
CO, are lower than the expected composition of landfill gas,
but have not been corrected for dilution by air or N,.

Furthermore, when the time series data are plotted against
the pressure difference between atmosphere and borehole
(Figure 3), it is clear that under positive pressure difference
(i, the borehole is “blowing”), CH, and CO, are elevated
within the borehole. Conversely, when negative pressure
difference conditions exist, O, only (i.e, air) is measured in
the borehole.

At the Control Site, gas monitoring data are not available for
hand-held instruments. High frequency data were collected
over a two week period, with the same instrument settings as at
Site 1 (Figure 3). During the two week monitoring period,
there were several winter storms (depressions) that crossed the
UK, as shown by the pressure data. With each successive
depression, the CO, concentration in the Control Site borehole
rose to a maximum 1.3% v/v. It is assumed that this
corresponds with background CO, that has entered the
borehole from the sand formation, as a consequence of a
rapid fall in atmospheric pressure. Hooker and Bannon®

observed that typical contributions to CO, concentration from
natural sources such as weathering of bedrock typically lie
within the range 0—5% v/v. At a peak concentration of 1.3% v/
v CO,, the borehole O, concentration dipped to approximately
18% v/v. No CH, was detected. Typically, surface ground gas
CH, concentration varies between 0.2 and 1.6 ppm (mean
concentration in air); with no external source of CH,, the
concentration is not expected to exceed 0.1% v/v.26

High frequency data for the two-week period from BH 1 at
Site 1 are plotted (Figure 4) for comparison with monitoring

CO, /N,
(Relative (%)

0
CH, /N,
(Relative %)

0,/N,
(Relative %)

Figure 4. Ternary Plot of GasClam Data obtained from BH 1 Site 1
for the Period 29/10/2013—12/11/2013.

data for 10 years for the same borehole (as in Figure 2). In two
weeks, a pattern of variation in gas composition is observed that
covers the range of data observed during ten years of periodic
monitoring. Additionally, mixing of air and landfill gas is more
fully resolved, as demonstrated by the greater number of data
points between the two end member compositions. Crucially,
this demonstrates that occurrences of elevated emissions of
CO, and CH, over a ten year period are much more frequent
than suggested by measurement under the requirements of a
normal regulatory regime.

Monitoring Wells Near a Landfill That Show Inputs to
Ground Gases from Coal-Bearing Rocks. At Site 2, which
overlies Coal Measures, monitoring wells are located around
the landfill perimeter. From hand-held monitor generated data,
the CH,/N, ratio frequently exceeds 80%, suggesting a
geogenic gas influence arising in two boreholes (BH 1 and
BH 4). In BH 1, the array of data is consistent with mixing of
air with predominantly geogenic CH,, with some observations
extending toward CO,/N, that may reflect a landfill gas
component.

Boreholes BH 3 and BH 4 clearly show more variable gas
compositions, with CH,/N, and CO,/N, ratios approaching
100% (Figure S). Compared with Site 1, where gas composition
was almost exclusively air or landfill gas (with some mixing in
between), boreholes at Site 2 show a more complex pattern.
The complication and greater mixing of gases is most likely to
be due to additional sources, and the geological characteristics
of the site are consistent with the presence of geogenic gas
derived from the underlying Coal Measures.

Compared with the distributions that were observed at Site 1,
Figure S clearly shows a more CH,-rich gas composition mixed
with air. A gas with such a high CH, content is unlikely to be
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Figure S. Gas compositions for monitoring wells at Site 2 (1998—2014).
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derived from landfill (CO, is always present in landfill gas at
these sites), and so is considered to originate from the
underlying Coal Measures and to mix with landfill gas prior to
entering the borehole. Migration and mixing of gas at the site
can be achieved through sand lenses within glacial till, fissures
and other voids (e.g., former boreholes). There is a population
in the ternary diagram (Figure S) for BH 3 around 60—70%
CH, vs 30—40% CO, that likely indicates the presence of
landfill gas in this monitoring well. BH 2 demonstrates a similar
pattern to BH 3 at Site 1, dominated by air with a small
concentration of diluted CO, (10—30% v/v range). Isotopic
analysis of 13C/"2C ratios may clarify the origin of these gases.””
However, routine monitoring protocols exclude routine
collection of these data because of cost.

B DISCUSSION

The historical data measured using portable gas monitoring
devices reveal patterns in gas composition that relate to the
geology of the site and subsequent landfill activity, where
appropriate. The high frequency monitoring of data allows
temporal variability to be constrained, and indicates links with
weather conditions. Taken together, these observations have
significant implications for the understanding of ground gas
emissions to the atmosphere with particular relevance for deep
engineering activities that might perturb soil emissions,

including CCS and fracking, as well as for the design of
monitoring programmes

Ground Gas Emissions to the Atmosphere. Figure 6
shows a conceptual model for the migration of gas from
geological and non-geological sources through different path-
ways to the atmosphere at locations where glacial deposits

—> gas movement

gedgenic
ERCo;

Landfill  [.7] Topsoil []Sand  [=]Clay

[7]Permo-Triassic bedrock

Figure 6. Conceptual model of CH, and CO, flows in the saturated
and unsaturated zones.
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overly coal-bearing rocks. This is a two-way process, as
monitoring data clearly indicate that air enters boreholes
(and other voids) in periods of high atmospheric pressure.
Wherever permeable formations are exposed naturally (e.g.
valley sides), air is also able to enter. Dilution of gases in a
mixture by equivalent proportions occurs with the addition of
one non-reactive gas component.”® Thus, any CO, and CH,
present are diluted by air (N, + O,) during periods of
increasing atmospheric pressure.

The sources of ground gas can be distinguished from their
compositions; taking a ratio to N, enables the relative
proportions of CH, and CO, to be determined, allowing for
dilution by air. In this study, gases derived from sands overlying
coal bearing rocks are shown to be richer in CH, than those
gases derived from landfill. Historical monitoring data shows
evidence of mixing of ground gas and air, to extents that vary
from occasion to occasion. Observations of gas compositions at
a site with neither landfill nor coal-bearing sources show that
the natural ground gas is air with a small proportion of CO,,
and CH, below detection

In Figure 6, CH, and CO, migration may be by either
advective flow or diffusion, depending on the porosity and
permeability characteristics of the subsoil. The relative
importance of each is not considered here, although it is
evident from borehole behavior that advective flow is important
in the geological materials that they penetrate.

Faults and permeable strata in the bedrock act as natural
conduits for gas flow in the subsurface. Similarly, mine shafts
and other voids provide man-made channels for gas to flow to
the surface. In the instance of abandoned mine shafts, the
height of the water table becomes an important factor in gas
movement. As groundwater recharges and fills the mine void, a
piston effect is achieved that drives the gas toward the surface.
However, as CO, is 58 times more soluble in water at standard
temperature and pressure (STP) than CH,* a proportion of
this gas may be dissolved and so removed from the system.

Examining the high temporal resolution data, it becomes
clear that in addition to the potential pathways that are available
to CH, and CO, in the unsaturated zone, atmospheric pressure
is a key controller of gas movement. As air pressure falls, gas is
released from the unsaturated zone. With increasing atmos-
pheric pressure, air is forced into the ground, thereby producing
a diluting effect on the concentration of CH, and CO,. As was
seen from the monitoring data, under a negative air pressure
gradient, pressure in a borehole builds up and creates a positive
borehole flow. In other words, the pressure in the borehole is
greater than the atmosphere, giving a focused induced flow of
gas from the ground to the atmosphere.

Wider Implications: Design of Monitoring Pro-
grammes. The data collected from continuous monitoring
show considerable variation with time, and are consistent with
the CH, and CO, data collected by hand-held meters. Using
these, measurements are made at specific times/dates. If the
periodicity of the sampling points is superimposed on the high
frequency data series, gas composition is measured as a
snapshot view of a highly variable system, and measured
concentrations will vary considerably (as shown in Figures 2
and 3 in particular).

From a regulatory perspective, high temporal resolution
allows a clearer understanding of the processes that are
occurring in the near-surface ground gas regime. As has been
noted, air pressure and depth of water table are key factors.
Current UK practice is to take point measurements from all
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monitoring wells on a site for a minimum investigation period
of 6 weeks. It is required that at least one of the point
measurements needs to be taken during falling atmospheric
pressure.

The data presented here show high temporal variability. The
periodicity of the cycling of gases can be as short as a few hours
to as long as a few days. Under current regulatory practice, two
point measurements would have been made during the selected
two week period shown in Figure 3. For 70% of that
monitoring period, only air (N, + O,) was present in the test
borehole. Thus, there is a high likelihood of missing an
emission event. To be certain of the ground gas regime for a
site where CH, and CO, are likely to pose a hazard, a high
temporal resolution data set may be required. Furthermore, a
longer statutory monitoring period could be necessary to
identify any longer-term seasonal variations in the ground gas
regime.

Wider Implications: CCS and Hydraulic Fracturing.
The monitoring data reported here demonstrate the complex
behavior of gases within the vadose zone, emphasizing the
highly variable nature with time of exchanges of CO, and CH,
between the soil and the atmosphere. Great care needs to be
taken in the interpretation of ground gas data to distinguish
variation arising from meteorological controls from those
arising from changes in geogenic or anthropogenic inputs,
which need to be recognized in any attempt to attribute an
artificial cause for an emission. It is essential that the time
period for monitoring is sufficient to capture meteorological
events such as a rapid reduction in atmospheric pressure, and
that the frequency of sampling is small enough to determine
changes arising from these. Furthermore, other practices of
continuous ground gas monitoring in relation to CCS have
been discussed by Schlémer et al.*” and Schlomer et al.** and
outline the importance of establishing baseline conditions in
the vadose zone before and during operations to determine any
leakages of CO, from geologic formations.

It is clear that from the development of a conceptual model
of the ground gas regime, the principles that are applied to
landfill sites are equally applicable to gas emissions from other
subsurface activities including CCS and hydraulic fracturing, It
is possible that leakages occur along undetected faults and
fractures coupled with changes in atmospheric pressure.
Without rigorous monitoring, there is potential for low
intensity leakages to go undetected for prolonged periods of
time.*’ For example, Klusman®” estimated that approximately
170 tons of CO, was lost per annum through leakage from
deep storage to the atmosphere at an enhanced oil recovery/
CO, sequestration site at Rangely, CO. In order to establish
baseline levels of CO,, monitoring programmes are required,
before injection (with respect to CCS) and continuing through
operations for safety, public acceptance and model calibra-
tion.*?

Importantly, the data presented in this paper demonstrate
that ground gas compositions vary greatly with time. Conven-
tional monitoring protocols are likely to fail to detect some
emission events, and so it is important that high frequency
measurements are made as part of a monitoring regime that is
underpinned by a sound conceptual model of the geological
characteristics of the location of interest.

dx.doi.org/10.1021/e5502528¢ | Environ. Sci. Technol. 2014, 48, 1361013616
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ABSTRACT

Understanding the exchange of carbon dioxide (CO2) and methane (CHa4) between the geosphere and
atmosphere is essential for the management of anthropogenic emissions. In this paper an innovative
approach of expressing ground gas compositions is presented, using data derived from regulatory
monitoring of boreholes in the unsaturated zone at infrequent intervals (typically 3 months) with data
from a high frequency monitoring instrument measuring half-hourly over periods of weeks. Similar highly
variable trends are observed for timescales ranging from decades to hourly for boreholes located close
to sanitary landfill sites. Additionally, high frequency monitoring data confirm the effect of meteorological
controls on ground gas emissions. For a two week monitoring period, only air was present in a borehole
during 70% of the data capture. There is a clear weakness in current point monitoring strategies that
may miss emission events and this needs to be considered along with obtaining baseline data prior to
starting any engineering activity.

INTRODUCTION

The exchange of carbon dioxide (CO2) and methane (CHa) between the geosphere and
atmosphere is a key component of the global carbon cycle. At the advent of industrialisation,
atmospheric CO2 concentration was 280 ppm and has subsequently increased so that it now exceeds
400 ppm (IPCC, 2007). This figure is projected to reach 600-800 ppm by the close of the century
(IPCC, 2007). It is believed that the rise in CO2 concentration in the Earth’s atmosphere is linked to
global climate change (Hansen and Sato, 2004, Hansen et al., 1981). With a global warming potential
(GWP) 21 times greater than CO2 (Nosalewicz et al., 2011), CH4 emission to the atmosphere is
considered to be one of the greatest environmental challenges of the 21st Century. In addition to
emission of CO2 from the combustion of fossil fuels, which account for the major part of the post-
industrial increase (Hofmann et al., 2009), CO2 exchange between the coupled plant-soil system and
the atmosphere is a major control of atmospheric CO..

Emissions of gases from soils vary in their origin. Near surface fluxes of CO2 and CHa4 from
biologically-active soils occur in response to microbial respiration, and occur rapidly after the
formation of the gas (Maier and Schack-Kirchner, 2014). Concentrations of CO2 and CHa in soils
dominated by plant roots and associated microbial systems are typically very low, below 1% v/v
(Hirano et al., 2003). Below the biologically-active soil, sedimentary geological processes produce
CO:2 and CHa. Proportions vary according to specific geological circumstances. Natural fluxes of CO2
and CHa to the atmosphere include contributions from both geological and biological sources. Atrtificial
sources of gases within soil include sanitary landfill, where anaerobic microbial processes
characteristically produce gas containing up to 70% CHa4and 30% CO2 (Bergmaschi and Harris, 1995,
Yavitt et al., 1995). Geological gases migrate through permeable and fractured formations until
trapped or released to the atmosphere. Similarly, gases produced in landfills migrate laterally as well
as vertically, if containment systems fail. Monitoring systems in the vicinity of landfills are designed to
detect migration, so that appropriate action can be taken.

For well-informed management of deep engineering processes that have the potential to affect
greenhouse gas emissions, there is a need to understand the background levels of CHs4 and CO2 in
soils, superficial unconsolidated sediment deposits and groundwater systems and, importantly, the
extent of their temporal variability. In northern England, the compositions of gases within shallow

Figure N.1: Teasdale et al. (2015) p 1
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unconsolidated sands capped by glacial till are specifically considered as unsaturated sands are a
potential gas migration pathway. Landfills have been constructed in these formations, and monitoring
regimes are in place to assess the integrity of containment, with boreholes outside the landfill to
permit determination of gas compositions and so detect any migration. Thus, there is access to a
resource of historical monitoring data that extends back several decades. CO2 and CHa in the sands
may be derived from sources other than landfill, including natural migration from underlying strata, in
this case, coal-bearing. In this paper, historic periodic and recent high frequency monitoring data
obtained from outside landfill sites are compared, with reference to data from a site with a similar
geological setting but distant from landfill. The use of different temporal scales of observation has
major implications for the planning and interpretation of ground gas monitoring procedures, with a
wide range of applications. The work presented here extends material previously published by
Teasdale et al. (2014).

DATA COMPILATION
Data Sources

Monitoring data were obtained for two landfill sites in Cheshire, UK. The sites differ geologically
and produce contrasting gas signatures. Site 1, a closed landfill, is situated in thick Quaternary
deposits with no known potential external (geological) source of CHa or CO2. Conversely, Site 2 is
situated in Quaternary deposits overlying thin Permo-Triassic bedrock, with underlying Coal Measures
(Carboniferous; Westphalian) which provide a potential source of geogenic gas. Additionally, Site 2 is
adjacent to a second older landfill, constructed to a lower technical specification. The Control Site was
chosen at a location with similar geology to Site 1, but with no associated landfill and so is used as a
control. Details of the ground conditions at each site can be found in Teasdale et al. (2014).

Historic Measurement of Gas Composition

Historically, gas composition has been measured in accordance with regulatory requirements
using hand-held gas monitors, as frequently as daily (Site 2) to as infrequently as quarterly (Site 1).
Measurements were made using a Geotech UK GA2000 Landfill Gas Analyser until 2012, after which
a Gas Data Ltd GFM435 Landfill Gas Analyser was used. One of the limitations of changes of
instrumentation over a period of several years is that data sets may not be directly comparable. Both
gas monitoring instruments employ a dual beam infrared absorption method to quantify the
concentration of CHs, CO2 and O: in a flowing gas. The balance is assumed to be nitrogen (N2).
However, the instruments differ in their measurement of borehole flow. The GA2000 pressure
transducer is equipped with a set resistor in order to minimise flow. It is argued that this will more
closely reflect true borehole conditions as the act of opening the borehole valve will disrupt equilibrium
conditions. Conversely, the GFM435 pressure transducer does not have this specification.

Measurement of Gas Composition at High Temporal Resolution

High temporal resolution data capture was achieved using a GasClam instrument, by which gas
compositions can be recorded at intervals as short as three minutes (lonScience, 2012). The
GasClam also records atmospheric pressure and temperature as well as gas concentration, avoiding
an additional limitation of hand-held gas monitors (Morris et al., 2008). The instrument has, according
to the manufacturer, a range 0-100% for CHa4 and COz, with a stated detection limit of 0.1% for both
gases. In practice, observed non-zero minimum CHa4 and CO2 concentrations were 0.4% and 0.1%
respectively, and observed maximum values were 57.1% and 10.8% respectively.

ANALYSIS OF GAS MONITORING DATA

Two graphical approaches have been used to present the gas monitoring data. In the first,
compositional data are compared in terms of the measured CH4, CO2 and Oz content normalised to
N2 (assuming Nz to be the balance, i.e. 100 — (X CHa, + CO2 + O2)), in a ternary plot. This allows the
relative proportions of CH4 and CO: to be compared irrespective of any dilution by air, the O2/Nzratio
indicating whether this has occurred and the extent to which oxygen has been removed, as Nz can be
regarded as non-reactive (Bergmaschi and Harris, 1995). In a plot of this type (which is analogous to
the Piper diagram in hydrogeology), ‘end member’ compositions can be identified, so that an array of
observed data points can be explained as mixtures of gases from different sources, and the

Figure N.2: Teasdale et al. (2015) p 2
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characteristics of one borehole can be compared with another. The second graphical approach is to
show variation with time in absolute gas concentration (% v/v) measured at high frequency and how
this is affected by atmospheric pressure conditions.

Monitoring Wells near a Landfill where there is no Known Input from Coal-Bearing Rocks (Site 1)

Figure 1 shows the gas composition recorded over a period of 10 years in boreholes at Site 1.
BH 1 is located on the southern boundary of the landfill and produced a CHa-rich gas signature (70:30
CH4/CO2) which is attributed to landfill gas given the close proximity of the borehole to the edge of the
landfill. Values recorded at 100% O2/N2 correspond to air. There is some evidence of mixing between
landfill gas and air at this location, but this was observed on few occasions (points between the two
end member compositions).
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Figure 1 Gas compositions for monitoring wells on Site 1 (2004-2014), indicating (Figure 2a)
expected plotting positions of landfill gas and air.
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BH 2 is approximately 25 metres south of the landfill perimeter, and shows a more diffuse scatter
of data. There is still a strong indication of the presence of landfill gas but the proportion of CHa is
lower (Figure 2), suggesting mixing with more CO3-rich gas, or removal of CH4 by biological
processes. BH 3, 100 m away from the landfill, records no landfill gas (Figure 2).

High frequency Monitoring where there is no Known Input from Coal-Bearing Rocks (Site 1)

Gas compositions were measured at Site 1, borehole BH 1, on a thirty minute sampling
frequency program with the instrument vent closed to ensure that borehole conditions were not
disturbed during sampling. Figure 2 shows the results of sampling for a two week period starting
Monday 29t October 2013.

During this period, there were three successive rises and falls in atmospheric pressure. The falls
occurred on 2", 3 and 5" November, each with similar gradients (average -0.8 mbar/hr).
Accordingly, with each fall, corresponding peak concentrations of CH4 (up to 40%) and CO2 (up to
10%) were observed, the balance being N2. As CH4 and CO2 appear in the borehole, Oz
concentration decreases to 0% from atmospheric concentration (~20%). For the observed borehole,
the change is very sensitive to atmospheric pressure, usually occurring over 2 to 4 hours and with as
little as 3 mbar change in pressure. Concentrations of CHs4 and CO: are lower than the expected
composition of landfill gas, but have not been corrected for dilution by air or Na.

Furthermore, when the time series data are plotted against the pressure difference between
atmosphere and borehole (Figure 2), it is clear that under positive pressure difference (i.e. the
borehole is ‘blowing’), CHs4 and CO: are elevated within the borehole. Conversely, when negative
pressure difference conditions exist, Oz only (i.e. air) is measured in the borehole. This is in close
agreement with the work of Czepiel et al. (2003) and Gebert and Grongroft (2006) who determined a
strong negative correlation between atmospheric pressure and CH4 emissions over a landfill.

At the Control Site, gas monitoring data are not available for hand-held instruments. High
frequency data were collected over a two week period, with the same instrument settings as at Site 1
(Figure 2). During the two week monitoring period, there were several winter storms (depressions)
that crossed the UK, as shown by the pressure data. With each successive depression, the CO2
concentration in the Control Site borehole rose to a maximum 1.3% v/v. It is assumed that this
corresponds with background CO: that has entered the borehole from the sand formation, as a
consequence of a rapid fall in atmospheric pressure. Hooker and Bannon (1993) observed that typical
contributions to CO2 concentration from natural sources such as weathering of bedrock typically lie
within the range 0-5% v/v. At a peak concentration of 1.3% v/v COg, the borehole Oz concentration
dipped to approximately 18% v/v. No CH4 was detected. Typically, surface ground gas CHa
concentration varies between 0.2 and 1.6 ppm (mean concentration in air); with no external source of
CHy4, the concentration is not expected to exceed 0.1 % v/v (Hooker and Bannon, 1993).

Figure N.4: Teasdale et al. (2015) p 4
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A Gas monitoring time-series data against atmospheric pressure from BH 1, Site 1
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B Gas monitoring time-series data against differential pressure from BH 1, Site 1
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C Gas monitoring time-series data against atmospheric pressure from Control Site
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Figure 2 Gas monitoring time-series data collected from GasClam against atmospheric pressure and
differential pressure (BH 1 Site 1), and gas monitoring time-series data against atmospheric pressure
(Control Site)

High frequency data for the two-week period from BH 1 at Site 1 are plotted (Figure 3) for
comparison with monitoring data for 10 years for the same borehole (as in Figure 1). In two weeks, a
pattern of variation in gas composition is observed that covers the range of data observed during ten
years of periodic monitoring. Additionally, mixing of air and landfill gas is more fully resolved, as
demonstrated by the greater number of data points between the two end member compositions.
Crucially, this demonstrates that occurrences of elevated emissions of CO2 and CH4 over a ten year
period are much more frequent than suggested by measurement under the requirements of a normal
regulatory regime.

Figure N.5: Teasdale et al. (2015) p 5
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Figure 3 Ternary Plot of high frequency monitoring data obtained from BH 1 Site 1 for the Period
29/10/2013 — 12/11/2013

Monitoring Wells near a Landfill that Show Inputs to Ground Gases from Coal-Bearing Rocks (Site 2)

At Site 2, which overlies Coal Measures, monitoring wells are located around the landfill
perimeter. From hand-held monitor generated data, the CH4/N2 ratio frequently exceeds 80%,

suggesting a geogenic gas influence arising in two boreholes (BH W and BH Y). In BH W, the array of

data is consistent with mixing of air with predominantly geogenic CHa, with some observations
extending towards CO2/N: that may reflect a landfill gas component.

Boreholes BH Y and BH Z clearly show more variable gas compositions, with CHa4/N2 and CO2/N2

ratios approaching 100% (Figure 4). Compared with Site 1, where gas composition was almost

exclusively air or landfill gas (with some mixing in between), boreholes at Site 2 show a more complex

pattern. The complication and greater mixing of gases is most likely to be due to additional sources
associated with the geological characteristics of the site. The CHa-rich compositions observed are
consistent with the presence of geogenic gas derived from underlying Coal Measures.
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Figure 4 Gas compositions for monitoring wells at Site 2 (1998-2014)
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A gas with such a high CHa content is unlikely to be derived from landfill (CO: is always present
in landfill gas at these sites), and so is considered to originate from the underlying Coal Measures and
to mix with landfill gas prior to entering the borehole. Migration and mixing of gas at the site can be
achieved through sand lenses within till, fissures and other voids (e.g. former boreholes). There is a
population in the ternary diagram (Figure 4) for BH Y around 60-70% CHa vs 30-40% CO:2that likely
indicates the presence of landfill gas in this monitoring well. BH X demonstrates a similar pattern to
BH 3 at Site 1, dominated by air with a small concentration of diluted CO2 (10-30% v/v range).
Isotopic analysis of 13C/12C ratios may clarify the origin of gases at Site 2 (Widory et al., 2012).
However, cost constraints of routine monitoring protocols preclude collection of this data type.

High frequency Monitoring near a Landfill that Show Inputs to Ground Gases from Coal-Bearing
Rocks (Site 2)

A Gas monitoring time-series data against atmospheric pressure from BH W, Site 2
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Figure 5 Gas monitoring time-series data collected from GasClam against atmospheric pressure,
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An immediately obvious limitation of the GasClam device is that multiple instruments are required
to sample multiple boreholes simultaneously at high frequency. Data sets are not directly comparable
as recordings were made during different conditions. The intended purpose is to illustrate the
variability in the data, different timescales and comparisons with other sites.

Shown in Figure 5 is the variation in ground gas composition for BH W at Site 2 measured using
the same protocols as at Site 1. Temperature appears to be the key influence on emissions of CHa
and CO: for this monitoring well. CH4 and CO: are negatively correlated with temperature while Oz
concentration is positively correlated with temperature and variability in gas composition can be
ascribed to a diurnal timescale. However, the data presented here is more complex than diurnal
cycling, as shown in Figure 6.
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Figure 6 Oz concentration time-series data against atmospheric pressure and temperature from
BH W, Site 2 (08/07/2014 — 21/07/2014)

During periods of static high pressure (08/07/2014 — 12/07/2014), ambient temperature is the main
control on gas composition and a close relationship exists that varies on a diurnal time scale.
However, when atmospheric pressure decayed by 12 mbar (12/07/2014-13/07/2014), the correlation
weakened, but stabilised once more when atmospheric pressure increased and stabilised at 1013
mbar on 14/07/2014. While the relationship with atmospheric pressure is less explicit for BH W, Site
2, it still has an influencing role.

As for BH 1, Site 1, that was located on the landfill perimeter, the high frequency resolution
data from BH W, Site 2, may be normalised to N2 and transformed into a ternary plot as shown in
Figure 7.
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Figure 7 Ternary Plot of High Temporal Frequency Data obtained from BH W Site 2 for the Period
08/07/2014 — 21/07/2014

Unlike the point measurement data obtained over a 16 year period that shows gas composition
approaching CH4/N2 end member concentration and a greater spread (mixing) of gases, the selected
two week period consistently shows a strong CH4 concentration (65-85%) with very little CO2
contribution (typically less than 4%). This supports the case for a geogenic gas source.

Figure N.8: Teasdale et al. (2015) p 8
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DISCUSSION

The historical data measured using portable gas monitoring devices reveal patterns in gas
composition that relate to the geology of the site and subsequent landfill activity, where appropriate.
The high frequency monitoring of data allows temporal variability to be constrained, and indicates
links with weather conditions. Taken together, these observations have significant implications for the
understanding of ground gas emissions to the atmosphere with particular relevance for deep
engineering activities that might perturb ground emissions, as well as for the design of monitoring
programmes

Ground Gas Emissions to the Atmosphere

Gas may migrate from geological and non-geological sources through different pathways to the
atmosphere at locations where glacial deposits overly coal-bearing rocks. This is a two-way process,
as monitoring data clearly indicate that air enters boreholes (and other voids) in periods of high
atmospheric pressure; it will also enter permeable formations wherever they are exposed naturally
(e.g. valley sides). Dilution of gases in a mixture by equivalent proportions occurs with the addition of
one non-reactive gas component (Romanak et al., 2012). Thus, any CO2 and CHa present are diluted
by air (N2 + O2) during periods of increasing atmospheric pressure.

The sources of ground gas can be distinguished from their compositions; taking a ratio to N2
enables the relative proportions of CH4 and CO:2 to be determined, allowing for dilution by air. In this
study, gases derived from sands overlying coal bearing rocks are shown to be richer in CHa than
those gases derived from landfill. Historical monitoring data shows evidence of mixing of ground gas
and air, to extents that vary from occasion to occasion. Observations of gas compositions at a site
with neither landfill nor coal-bearing sources show that the natural ground gas is air with a small
proportion of CO2, and CHa4 below detection

Faults and permeable strata in the bedrock act as natural conduits for gas flow in the subsurface.
Similarly, mine shafts and other voids provide man-made channels for gas to flow to the surface. In
the instance of abandoned mine shafts, the height of the water table becomes an important factor in
gas movement. As the groundwater recharges and fills the mine void, a piston effect is achieved that
drives the gas towards the surface. However, as CO:2 is 58 times more soluble in water at standard
temperature and pressure (STP) than CH4 (Hooker and Bannon, 1993) a proportion of this gas may
be dissolved and so removed from the system.

Examining the high temporal resolution data, it becomes clear that in addition to the potential
pathways that are available to CH4 and CO:z in the unsaturated zone, atmospheric pressure is a key
controller of gas movement. As air pressure falls, gas is released from the unsaturated zone. With
increasing atmospheric pressure, air is forced into the ground, thereby producing a diluting effect on
the concentration of CH4 and CO2. As was seen from the monitoring data, under a negative air
pressure gradient, pressure in a borehole builds up and creates a positive borehole flow. In other
words, the pressure in the borehole is greater than the atmosphere, giving a focused induced flow of
gas from the ground to the atmosphere.

Wider Implications: Design of Monitoring Programmes

The data collected from continuous monitoring show considerable variation with time, and are
consistent with the CHa4 and CO2 data collected by hand-held meters. Using these, measurements are
made at specific times/dates. If the periodicity of the sampling points is superimposed on the high
frequency data series, gas composition is measured as a snapshot view of a highly variable system,
and measured concentrations will vary considerably (as shown in Figure 1 andFigure 2 in particular).

From a regulatory perspective, high temporal resolution allows a clearer understanding of the
processes that are occurring in the near-surface ground gas regime. As has been noted, air pressure
and depth of water table are key factors. Current UK practice is to take point measurements from all
monitoring wells on a site for a minimum investigation period. It is required that at least one of the
point measurements needs to be taken during falling atmospheric pressure.

The data presented here show high temporal variability. The periodicity of the cycling of gases
can be as short as a few hours to as long as a few days. Under current regulatory practice, two point
measurements would have been made during the selected two week period shown in Figure 2. For
70% of that monitoring period, only air (N2 + O2) was present in the test borehole. Thus there is a high
likelihood of missing an emission event. To be certain of the ground gas regime for a site where CH4
and CO: are likely to pose a hazard, a high temporal resolution data set may be required.

Figure N.9: Teasdale et al. (2015) p 9
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Furthermore, a longer statutory monitoring period could be necessary to clarify short-term diurnal
trends and identify any longer-term seasonal/annual variations in the ground gas regime.
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- Differential pressure increases as atmospheric pressure decreases.
« Positive pressure gradient results in release of gas to atmosphere.
i + Gas compositions for BH 1 measured at half- + Control Site
The biogenic gas component will typically generate a gas pressure hourly intervals ith GasClam. + Sand quarry, no known landil
that exceeds the differential pressure caused by changes in air * Valve closed to maintain equilibrium. or geogenic gas sources.
. + Falls in atmospheric pressure with average + Maximum CO, concentration
pressure. This pressure gradient is greater when atmospheric gradient -0.8 mbarihr recorded 1.3% from 0% (O, fallng 0
pressure is falling. During rising pressure conditions, CH, will also be + Peak concentrations of 40% CH, and 10% CO, 2 18% from ~209%).
oxidised to CO, by mixing with air. \ from 0% (0 falling to 0% from ~20%). * NoCH,

/
GasClam® \

Developed by Salamander Group, UK.
« Fully automated high temporal frequency data capture.
‘Samples up to every 3 minutes, battery ife of 3 months.
Analysis of landfil gases: CH,, CO,. H,S, CO and VOCs.

Summary

Current point measurement of ground gases may miss emission
events. High temporal measurement resolves relationship with
atmospheric pressure. Cycling of gases may occur over periods
as short as a few hours to as long as a few days. Baseline data

\ H Ig h F req uen Cy M on |t0r| ng may be required prior to starting engineering activities.
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Figure N.11: Teasdale et al. (2015) AquaConSoil Conference Poster



