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1 Abstract 

 

Hydraulic fracturing to extract shale gas is widely regarded to be socially, environmentally, 

and politically controversial due to the perceived negative impacts of the process. One 

issue of environmental contention is the management and fate of the wastewater 

generated by the fracturing process when fluids used to generate fractures in the rocks 

underground are returned to the surface. These waste fluids require appropriate storage, 

transportation, treatment, and discharge to ensure that overall fluid requirements are 

minimised, process efficiency is maximised, and risks to the environment are reduced. 

Prior understanding of the chemistry and volumes of waste that will require management 

are beneficial to operators, waste treatment professionals, and environmental regulators. 

The effects of temperature, pressure, shale mineralogy, and injected fluid composition on 

the chemistry of waste fluids were investigated through a series of experiments. 

Experiments were designed to replicate the hydraulic, thermal, and chemical interaction 

between shale rocks and injected fluids in the subsurface to provide insight into the source 

of contaminants of concern in wastewaters. This work also modelled the economic and 

energetic cost of treating wastewater with varied composition under current regulatory 

conditions in the UK. The limited UK waste fluid composition data was compared with 

a wealth of waste fluid data from the USA to ascertain what lessons could be learned from 

legacy operations and their environmental impacts. 

Experiments with injection fluids containing no chemical additives yielded waste fluids 

with few contaminants of concern. The greatest concentrations of contaminants of 

concern such as heavy metals, sulphates, and salts occurred during reaction with an 

injection fluid containing 10% HCl additive to the base injection fluid. Key factors 

affecting the release of contaminants into solution include solution pH, mineralogical 
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composition (particularly carbonates and sulphates), and oxidising conditions. Modelling 

of the volumes and chemistry of wastewater expected from operations in the UK 

concluded that the economic viability of any shale gas well is impeded by the cost of 

treatment. The cost of treating the salinity varied from 2 to 26% of well revenue, with a 

predicted median of ~ $495,472 per well. Additional costs of up to £163,450 per well will 

be incurred for disposal of NORM concentrated sludge in permitted landfill sites in line 

with UK regulations. 

Based on the findings from this research, it is strongly recommend that this area receives 

further attention from the emergent unconventional gas industry, the established waste 

water management industry, and regulatory bodies in the UK, in order to produce a 

coherent strategy for the future management of wastewaters from hydraulic fracturing. 

This work has found that no such co-ordinated strategy currently exists, and limited 

management capacity in the UK will present a significant hurdle to future expansion of 

the industry unless it is urgently addressed. 
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2 Lay Summary 

 

Natural gas trapped in shale, a tightly packed sedimentary rock, has the potential to 

provide the UK with an indigenous fossil fuel resource, with inherently lower CO2 

emissions than any imported fuel, and lower CO2 emissions than coal or Liquified Natural 

Gas (LNG). 

Shale gas requires ‘hydraulic fracturing’ to enhance the permeability of the rock formation 

and allow trapped gas to flow to the surface. Hydraulic fracturing is achieved by pumping 

fluids into the subsurface to generate enough pressure to fracture the rock. These fluids 

contain a proppant to ‘prop’ fractures open under the ground, and are mixed with 

chemical additives to streamline the fracturing process. 

During fracturing, these injected fluids mix with any formation water stored in the rocks, 

react with freshly fractured shale surfaces, and on returning to the surface after fracturing 

inherit salts, heavy metals, sulphates and naturally occurring radioactive materials from 

the subsurface. These returned waste fluids requiring appropriate management to ensure 

that environmental impact is limited, freshwater needs are reduced, and efficiency is 

maximised. 

To inform decisions about how best to manage these wastewaters, this research aims to 

improve the understanding of the volumes and chemistry of wastewaters that will be 

generated by a UK hydraulic fracturing industry, by using data from the well-developed 

industry in the USA to make predictions. While treatment of these wastewaters will be 

possible, specialist facilities will be required and the energetic and economic cost are 

expected to be high. 

Chemical reactivity experiments were conducted to understand what chemical reactions 

take place between fresh shale surfaces and injected fracturing fluids under subsurface 

temperature and pressure conditions. Field data from hydraulic fracturing wells in the UK 
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and the USA are compared to the experimental fluids, with many of the constituents of 

environmental concern in field wastewaters not present at significant concentrations in 

experimental fluids. 

The geochemistry of shales, specifically carbonate, pyrite and organic matter content, 

influence the release of heavy metals and sulphate into injected fluids. Oxidising reactions 

cause acidification of fluids which encourages mineral dissolution, and the presence of 

sulphate is likely to lead to the formation of sulphate scales. Sulphate scales can sequester 

natural occurring radionuclides from solution but also reduce equipment performance. 

The chemistry of formation water (water present in the shale formation since deposition) 

exerts a key control on the chemistry of wastewaters, and its influence is not reflected in 

the results from reactivity experiments. 

Overall, the chemistry of returned wastewaters from hydraulic fracturing in the UK is 

treatable by existing technologies, however treatment will be costly, and specialist 

infrastructure will be required as the industry grows.  
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7 Introduction 

 

7.1 Natural Gas in the UK 

 

Since the 1970s production of natural gas in the UK has steadily risen along with national 

demand until the peak of production in the 2000s (DUKES, 2014). In 2014 gas imports 

(477 TWh) began to exceed indigenous production (425 TWh), due to a gap between the 

demand for natural gas in the UK and the readily available national resources. With the 

exhaustion of local reserves, and increasing year-on-year consumption (DUKES, 2014), 

the demand for imported gas is set to increase. 

The largest consumer of natural gas in 2014 was the domestic customer, closely followed 

by non-domestic heat and electricity generation (Figure 1).  Most of the domestic demand 

for natural gas in the UK fuels gas-powered cooking and central heating and is unlikely 

to be readily replaceable by renewable energy sources in the near future without a costly, 

infrastructural overhaul. Due to a reduction in availability of conventional sources of 

natural gas, the UK has begun exploring the options available for exploiting their 

unconventional gas resources, such as shale gas and coal bed methane deposits. 

 

Sector      Percentage Use of UK Natural Gas 

Domestic             36% 

Electricity and Heat Generation     32% 

Other         13% 

Industry      12% 

Energy Industry Use      7%  

Figure 1 – Natural Gas use by Sector, Digest of UK Energy Statistics. Source: DECC, 2014. 
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7.2 Shale Gas in the UK 

 

Shale gas is natural gas formed in tightly packed sedimentary rocks (shales) that contain 

high amounts of organic matter, specifically kerogen. Heat and pressure generated during 

the burial of these rocks produces hydrocarbons from the organic matter, which often 

migrate upward away from their source to become trapped in more porous overlying 

rocks – forming conventional oil and gas deposits. Due to the tightly packed structure of 

shale, some hydrocarbons remain trapped within the rock in pore spaces or associated 

with kerogen deposits (Passey et al., 2010). The trapped hydrocarbons are termed 

‘unconventional’ resources because they require some form of unconventional 

hydrocarbons engineering such as hydraulic fracturing, acid stimulation, or underground 

coal gasification to be extracted. However, the use of the term ‘unconventional’ is 

contentious due to the varied nature of its use across the conventional and 

unconventional hydrocarbon industry. Additionally, many conventional wells are 

stimulated using unconventional techniques to maximise recovery. 

There are three main shale basins in the UK (Figure 2); The Weald Basin (South East 

England, Jurassic), The Bowland Shale (North West England and Yorkshire, 

Carboniferous) and the Midland Valley (Scotland, Carboniferous). The British Geological 

Survey (BGS) believes the Midland Valley to contain between 49.4 and 134.6 trillion cubic 

feet (tcf) natural gas reserves (Monaghan, 2014), and the Bowland Basin between 822-

2281 tcf (Andrews, 2013), although recoverable reserves are likely to be much lower.  The 

Weald Basin is not thought to have any significant shale gas potential as the shales have 

not reached thermal maturation (Andrews, 2014). The US Energy Information 

Administration  estimates the UK’s technically, although not necessarily economically, 

recoverable shale gas reserves to be 26 tcf (US Energy Information Administration, 

2016a). The UK’s annual gas demand in 2015 (DUKES, 2014) was 773 TWh, or 2.63 tcf, 
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implying that the technically recoverable shale gas reserves could sustain a constant 

national gas demand for just under ten years. Hydraulic fracturing feasible shale reserves 

to produce natural gas has the potential to provide the UK with a new, indigenous fuel 

source. 

 

 

Figure 2 – The UK’s onshore unconventional hydrocarbon basins and onshore petroleum exploration and development licenses. Source: 

BGS/DECC, 2014 
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7.3 Hydraulic Fracturing 

 

Shales are fine grained, tightly packed, clay-, and quartz-rich sedimentary rocks, that can 

contain hydrocarbons if their geological history and geochemistry permits. Unlike 

conventional hydrocarbon bearing rocks, shales have low to non–existent vertical 

permeability – inhibiting gas through-flow – and restricting hydrocarbon production 

through conventional techniques (Passey et al., 2010).  

Since the 1990s the hydrocarbon industry has been using hydraulic fracturing to enhance 

the permeability of tight geological formations such as shales and ease extraction (The 

Royal Society, 2012). Since the 1950s the technique has been used for geothermal heat 

extraction, enhanced oil recovery from conventional sources, geological carbon 

sequestration, groundwater remediation and groundwater well development (Adams and 

Rowe, 2013). Since the 2000s the USA has been experiencing a shale gas ‘boom’ as vast 

onshore gas deposits have become more readily exploitable through developments in 

technology of drilling and fracturing. 

To extract shale gas, hydraulically fracturing or ‘fracking’ the rock formation is required.  

Fluid pressure is utilised to generate an enhanced or artificial fracture network in the shale, 

improving its permeability and enabling the flow and production of hydrocarbons at the 

surface. Typically, a vertical well is drilled until the target formation is reached within the 

subsurface. Subsequently, horizontal drilling extends the lateral reach of the well (King, 

2012). Horizontal drilling has enabled a greater proportion of shale gas deposits to be 

targeted for extraction in recent years, as thinner, laterally extensive formations can be 

reached with fewer wells at the surface.   

The fluids used to generate fractures are often mixed with chemical additives that improve 

process efficiency and prolong the life of equipment used, as well as a proppant such as 

sand that ‘props’ the fractures open while gas is released from the rock formation. See 
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appendix 15.1 (p232) for a list of the most common additives to fracturing fluids and their 

purposes. During the fracturing process the pressurised fluids react with the freshly 

exposed mineral surfaces in fractures, and mix with any inherent formation or pore water 

in the shale. On de-pressurisation between 10 and 70% of these fluids are returned to the 

surface having leached heavy metals, naturally occurring radioactive material (NORM), 

salts and hydrocarbons from the subsurface. The returned waters require appropriate 

management to ensure that they are stored, transported, treated, and disposed of in a way 

that minimises the need for fresh water, maximises the efficiency of the process, and 

reduces risks posed to the environment. 
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7.4 Fracturing fluids, formation fluids and waste fluids 

 

Fluids injected to create the pressure required to undertake fracturing, which can be 

freshwater, saltwater, recycled or reused fluids, are mixed with a number of chemicals 

carefully chosen to streamline the fracturing process. These chemicals control fluid 

viscosity, inhibit the formation of bacteria or scale, control or adjust pH, and supress 

corrosion, among a number of other important tasks.  

In the UK, only two chemical additives are permitted for use in hydraulic fracturing by 

the Environment Agency; a dilute hydrochloric acid (maximum 10% concentration) 

which acts as a solvent and as a control on pH, helping the fluid access the rock and gas 

in the subsurface, and acrylamide which reduces friction with the fluid to minimise the 

energy required to pump the fluid underground.  

Hydrochloric acid dissolves carbonate minerals, releasing ions into solution (as well as 

CO2 gas) and altering the chemistry of fluids downhole. It’s purpose is to dissolve 

carbonate phases and enable fractures reach trapped gas within the rock formation. The 

reactions driven by this acid are likely to increase the concentration of dissolved 

constituents within fluids returned to the surface following fracturing, proportionally to 

the concentration used. This study investigates the relationship between hydrochloric acid 

and shale minerals and the implied effects on wastewater produced by the fracturing 

process.  

Acrylamide is an organic chemical which is used to increase the viscosity of the injected 

fluids, thus reducing turbulent flow and friction when fluids are pumped underground at 

high pressures. Its chemical behaviour and interaction with shales has been studied by 

(Caulfield, Qiao and Solomon, 2002; Chen and Carter, 2017; Xiong et al., 2018)  - and is 

not investigated within this study. 
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During gas production, fluids that are injected to create fractures in the rock are returned 

to the surface having mixed with inherent formation or pore water contained within the 

shale. Formation and pore water chemistry is controlled predominantly by the chemical 

interactions between minerals and fluids present over geologic timescales, and to a lesser 

extent by dilution or mixing with meteoric waters. Mineral dissolution, leaching, redox 

reactions, ion exchange, and crystallisation within the water-rock system all exert a control 

on the geochemistry of formation water. Formation water often takes the form of a brine 

containing high concentrations of dissolved salts – derived from dissolution of mineral 

phases, and altered during diagenesis. Mixing of injected fluids with formation waters 

likely contributes much of the levels of dissolved contaminants in wastewaters generated 

by hydraulic fracturing. 

Generally, levels of dissolved contaminants in initial flowback are low and increase over 

time (Hayes, 2009). Variations in TDS are thought to be due to natural chemical variations 

in the composition of the source rock and formation waters, as well as depending on the 

amount of time the fluid has spent downhole (Gaudlip and Paugh, 2008). In the Marcellus 

shale, Pennsylvania, salinity has been attributed to halite lenses or mixing with deep saline 

formation brines as opposed to local fracture dissolution (Blauch et al., 2009) suggesting 

that salinity is controlled by basin-scale factors. The influence of local mineral dissolution 

on the chemistry of the returned waters reduces over time, eventually producing waters 

representative of in situ, saline formation brines (Haluszczak, Rose and Kump, 2012).  

Rocks rich in organic matter, such as shales or other hydrocarbon source rocks, tend to 

contain naturally occurring radionuclides such as uranium (238U) and thorium (232Th). 

These radionuclides decay to form a number of daughter particles, notably radium, 

which is soluble in water. During hydraulic fracturing the injected fluids mix with the 

radium enriched formation waters within the rock, and subsequently contaminate the 

flowback water with naturally occurring radioactive material (NORM). 



 24 

Injected fluids also react with freshly exposed shale surfaces created by fracturing, altering 

their chemistry by dissolving minerals, reacting with components in solution to produce 

new compounds, and by inheriting naturally occurring radiation prevalent in shale rocks. 

Dissolution of mineral phases releases constituent chemicals into solution (Ba, Si, Mg, Ca, 

K), while ion exchange between clay minerals and fracturing fluids releases cations and 

anions such as Ca2+, Mg2+, K+, Na+, SO4
2−, and Cl−. Fluids oversaturated with key mineral 

forming elements allow crystallisation to take place under certain conditions; reducing the 

concentration of mineral forming components within the fluids. Geochemical reactions 

taking place between formation fluids, injected fluids and shale minerals are affected by 

the major and minor geochemical components available to react within the system. The 

resulting chemistry of waste fluids returned is complex and influenced by many variables.  
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7.5 Environmental Concerns 

 

7.5.1 Subsurface environmental concerns  

A number of environmental concerns exist associated with the process of hydraulic 

fracturing that have arisen from the legacy of operations in the USA. Regulations, 

permitting, and environmental conditions differ in the UK setting and therefore not all 

of these environmental concerns will be as relevant to the UK industry. Some of the key 

concerns are outlined and discussed in this section.  

 

7.5.1.1 Induced Seismicity  

Pressure changes in the subsurface caused by the additional hydraulic pressure during 

fracturing can induce seismicity at varying magnitudes; 1.0-3.8 ML (Davies et al., 2013). 

Although the majority of recorded induced seismicity associated with hydraulic fracturing 

in the USA is due to fluid injection of wastewater and not hydraulic fracturing operations 

(Keranen et al., 2013; K.M. Keranen, M. Weingarten, G.A. Albers, B.A. Bekins, 2014), 

concerns exist over the potential for induced seismicity to cause damage at the surface, 

damage infrastructure underground such as well casings, and lead to unwanted fluid 

migration causing leakage or contamination. This concern is especially pertinent in the 

UK where population density is greater than in the USA and due to the events induced 

in Lancashire by hydraulic fracturing in 2011 (Clarke et al., 2014).  

To date, there have been two episodes of hydraulic fracturing of an onshore shale gas 

reservoir in the UK. The first, at the PH-1 well at Preese Hall in Lancashire, was drilled 

in August 2010, with fracturing commencing in March 2011. This well was drilled with 

the aim of testing the productivity of the Bowland Shale formation for gas. However, 

operations were suspended in May 2011 following two seismic events measured at 2.3 

and 1.5 ML (Clarke et al., 2014), attributed to fault slip induced by fluid injection associated 
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with the fracturing operations (de Pater and Baisch, 2011). One of these seismic events 

was felt at the surface, causing a year-long moratorium to be place on hydraulic fracturing 

in the UK until further review of best available techniques to prevent induced seismicity 

(Green, Christopher, Styles and Baptie, 2012). Hydraulic fracturing processes generally 

cause small, unfelt seismicity unlike the seismicity that can be associated with deep fluid 

waste injection (Davies et al., 2013). Out of the hundreds of thousands of wells that have 

been fractured, only three cases of felt seismicity have been documented directly as a 

result of the fracturing process (Davies et al., 2013).  

All hydraulic fracturing in the UK currently operates under a seismicity ‘Traffic Light 

System’ whereby operators must take one of three defined actions depending on the 

magnitude of seismicity induced by operations. These options include, < 0 ML; operations 

proceed as normal, ≥ 0.0 to < 0.5 ML; operations proceed with caution at a reduced rate 

and monitoring is intensified, and ≥ 0.5 ML; operations must cease and monitoring is 

highly intensified.  

The second hydraulic fracturing operation in the UK commenced in October 2018 at 

Preston New Road. Seismicity has been measured between -0.8 and 1.1 ML on 35 

occasions over a one month period (19th October 2018-19th November 2018), with ‘red 

light’ events measured – and operations suspended – twice.  

Some concerns exist over the validity of the regulatory ‘traffic light’ system due to the 

ability to measure and validate seismicity at <1.5 ML. The method of magnitude 

calculation, statistical bias, and compound error from incorrect estimation of event 

location can mean that the error on a magnitude reported can be many times the value of 

magnitude itself (Nowacki, Curtis and Baptie, 2017). This has serious implications for 

decision making which is entirely dependent on reported magnitude values, and the 

method of estimating induced seismicity at very low magnitudes must be accurate and 

precise for any regulations relying on these measurements to be considered robust. 
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7.5.1.2 Fluid Migration 

Concerns also exist over fluid migration within the subsurface (e.g. stray gas, injection 

fluids, formation waters). The intention and purpose of hydraulic fracturing is to generate 

a fracture network within the shale formation allowing gas to be released and produced 

at the surface. However, concern exists over the reach of this fracture network and the 

potential for unwanted migration pathways to be generated whereby fluids could migrate 

to unwanted receptors (other geological units). A review of natural and stimulated fracture 

lengths determined that the probability of a stimulated fracture extending greater than 

350m is ~1% (Davies et al., 2012). If the vertical separation between the shale gas source 

rock and overlying potable water formations is known, this can determine the likelihood 

of stimulated fractures hydrogeologically connecting the two units. 

To achieve contamination of overlying groundwater units stratigraphically above shale 

gas source rocks, feasible hydrogeological connectivity must exist, as well as a driving 

force to instigate and maintain fluid migration such as a hydraulic gradient. The overall 

likelihood that hydraulic pathways exist by way of natural or induced fractures is much 

lower than that presented by man-made infrastructure such as boreholes (Younger, 2016). 

Additionally the upward pressure gradients required to drive upward fluid migration from 

source rock to overlying units exist only during active fracturing (a few hours) and are 

therefore unlikely to be engaged long enough to sustain driving fluid migration over 

hundreds or thousands of meters in the subsurface (Younger, 2016). 
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7.5.2 Surface Environmental Concerns 

 

7.5.2.1 Noise 

Hydraulic fracturing can create noise disturbance within the surrounding area during 

construction (3-5 weeks), drilling (up to 1 month), fracturing (up to 1 month), and 

decommissioning (variable duration). For conventional hydrocarbon wells the entire 

exploratory drilling process is known to take between 12 and 15 weeks (Department for 

Communities and Local Government, 2013). Unwanted noise associated with such 

operations has been shown to have non-auditory health implications for populations 

located nearby (Hays, McCawley and Shonkoff, 2017); therefore reducing the impact of 

noise is imperative for any operator’s social license. The legal limits for noise disturbances 

from shale gas operations in the UK are 55 dB between the hours of 07:30-18:30, and 42 

dB at all other times (Stollery, 2014). It is essential that robust baseline measurements of 

noise levels in the area are measured before operations commence, as 55 dB can be lower 

than the sound of passing traffic, a lawnmower, or wind on the microphone. Noise 

impacts are typically addressed by implementing barriers such as industrial sound curtains, 

and restricting operation times to limit inconvenience to nearby communities.  

 

7.5.2.2 Traffic 

As shale gas sites in the UK are likely to be focused in rural areas where infrastructure is 

limited; meaning equipment, chemicals, staff, and other physical site requirements will 

need to be transported by road to the site. This is expected to have environmental impacts 

including increasing the volume and intensity of traffic around sites, decreasing air quality 

by directly emitting greenhouse gases (GHG) from exhaust fumes, increasing noise 

associated with operations, and potential damage to rural road networks not designed for 

industrial load bearing (Goodman et al., 2016). Factors affecting the volume and intensity 
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of traffic vary widely; such as the volume of fluids required, the percentage of this that 

will return to the surface as waste fluid, and the volumes of gas produced – resulting in 

large compound uncertainty in the estimation of traffic related impacts on the 

environment. It has also been noted that the GHG emissions during the fracturing 

process may be negligible in comparison to the potential emissions from traffic related 

activity, with implications for the overall environmental impact from shale gas operations 

(Goodman et al., 2016). 

 

7.5.2.3 Air Pollution 

Hydraulic fracturing may have effects on local, regional, and global air quality. Locally, 

increased traffic and industrial works can cause significant atmospheric pollution by 

increasing levels of particulate matter and dust (Goodman et al., 2016). In regions where 

shale gas is being exploited, air quality impacts such as fugitive methane leakages and 

increased GHG concentrations near areas with concentrated well pads, however the 

source of this decreased air quality is continually debated. Globally shale gas has the 

potential to increase air quality in areas where it replaces other hydrocarbon fuel sources 

such as coal mining, and may be able to contribute to the lowering of GHG emissions 

through alternative fossil fuel use. 

 

7.5.2.4 Spills / Unplanned Fluid Release 

Spills of chemical additives, fracturing fluids, or returned waste fluids at the surface have 

the potential to cause significant environmental impact by pollution of surface waters. 

Clancy et al. 2018 estimated the likelihood of unplanned spills associated with hydraulic 

fracturing based on US data and discovered that there would likely be at least one spill for 

every 4-19 well pads developed at the surface. The likelihood of surface spills increases 

depending on the number of subsurface laterals attached to the well pad. Spills or 
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‘unplanned releases’ allow untreated fluids containing contaminants of concern for the 

surrounding environment to be released into the surface waters, soils, and even into near-

surface groundwater reserves if a pathway for transport exists. 

Spills onsite can be mitigated by installing subsurface lining of the site to obstruct any 

pathway between any pilled fluids and the subsurface. Fluids should be stored on site in 

bunded or double-walled sealed tanks, and using the best available standards of equipment 

combine with rigorous maintenance can help mitigate against unplanned fluid releases 

from faulty or malfunctioning equipment. 

 

7.5.2.5 Water Requirements & Sourcing 

The hydraulic fracturing process is driven by hydraulic pressure, and therefore water 

requirements can be significant (Figure 3). The volume of fluid required depends on the 

wettability of the shale, the extent of the well (laterally and vertically), and the fracture 

design (U.S. Environmental Protection Agency, 2016). Wells with greater extent have 

more perforation stages and therefore typically require larger volumes of water per length 

of well (Horner et al., 2016). In the US water use varies by shale play and well length, with 

mean volumes ranging from 10,000-36,620 m3 (Gallegos et al., 2015). In the Sichuan Basin, 

China, the average water footprint is 34,000 m3 per well (Zou et al., 2018), and in Poland 

the average is 8000-19,000 m3 (Vandecasteele et al., 2015). The British Geological Survey 

estimate that the water requirements per well in the UK will be between 7000 and 18,000 

m3 (excluding 400-4000 m3 of water required for drilling) (Stuart, 2012).  

A study of the lifecycle consumption of fresh water during shale gas operations in the 

Marcellus Shale in the USA discovered that although the total consumptive water use of 

a shale gas well in the region was 6700-33,000 m3, only 65% of that is utilised on site, with 

35% consumed across the remainder of the supply chain (Jiang, Hendrickson and 

Vanbriesen, 2014). 
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Figure 3 – Typical volumes of fluid required for hydraulic fracturing, as reported in literature shown as grey bar and annotated with mean. 

The key risk posed by water requirements of the hydraulic fracturing process is not the 

consumption of fresh water, although in areas where demand and supply are unequal this 

will impose water demand stress, but more so by the availability of access to required 

water. As the UK water system is relatively limited to local supply, if water requirements 

for shale gas operations exceed local availabilities water will have to be transported in 

tankers causing additional traffic pressure (Marshall, 2013). In the UK, fracturing water 

will be drawn from the mains water supply – raising concern for water security in areas 

of low resilience., although abstraction is limited by the Environment Agency through 

licensing to protect drought sensitive areas. 

In comparison to primary industries such as manufacturing and construction, water 

requirements for hydraulic fracturing are low. Additionally, consumptive freshwater 

requirements per unit of energy recovered are comparable onshore surface coal mining 

(Goodwin et al., 2014). However, hydraulic fracturing requires a much greater volume of 
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water over a much shorter timeframe than in coal operations as all water is required 

upfront, as opposed to over the lifetime of a well. Notably, there is over 13 times more 

water lost annually through mains system leaks (1.2x109 m3) than would be required for 

UK fracturing needs (8.7x107 m3) (Probert, 2012).  

Following hydraulic fracturing, when the well is depressurised and between 10 and 70% 

of injected fluids are returned to the surface (American Petroleum Institute, 2010). The 

volumes of fluid waste returned vary depending on the volume of fluid injected, and local 

geological characteristics that control water retention in the subsurface. These fluids are 

returned with altered chemical characteristics that require dilution or treatment before 

subsequent re-use. This returned water could pose a significant environmental challenge 

to the industry if volumes expected are incorrectly predicted and therefore cannot be 

stored, treated or disposed of, or if specific chemical constituents are costly to remediate.  

 

 

Figure 4 – range in percentage of injected fluid volume returned at the surface as reported in literature.  
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7.6 Wastewater Management Options 

 

The management of fluids returned during the fracturing process is of particular 

importance in mitigating environmental risk from the hydraulic fracturing process. Due 

to geological, legislative, and financial restrictions, the options for management of these 

fluids are limited in the UK to dilution, treatment, discharge and recycling ( Figure 5). 

This section outlines the management options available and discusses each within the 

context of the UK industry.  

 

 Figure 5 – Schematic representation of the management options available for wastewater from hydraulic fracturing in the UK (adapted 

from ERM, 2014) 

 

7.6.1 Recycling or Re-Use 

The most favoured management option for returned waters is to dilute them with fresh 

water and utilise them in a subsequent fracturing event (Environment Agency, 2016). This 

reduces fresh water consumption, but can lead to concentration of contaminants over 

time by repetitive exposure to fresh rock surfaces underground and mixing with fracturing 

additives (Zhang, Hammack and Vidic, 2015). Heavy scaling can occur due to re-use and 

concentration of contaminants which impacts the longevity of the infrastructure 

(Abualfaraj, Gurian and Olson, 2014).  
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In Pennsylvania, there are abundant shale gas resources however there is little geological 

capacity to dispose of flowback fluids underground, and operators are faced with high 

transportation and licensing costs associated with waste management (Clark and Veil, 

2009). In two case studies analysed by Baker Hughes  operators incurred a 43-58% saving 

by treating and recycling their flowback in future fracturing events instead of injecting it 

for disposal (Seth et al., 2013). Reusing treated flowback fluids in future fracturing 

operations is currently the “preferred and sustainable option” of the UK Environment 

Agency’s Radioactive Substances Waste Management Plan (Environment Agency, 2013). 

This, combined with the financial incentive proven in the US, will ensure that some degree 

of fluid treatment is expected following hydraulic fracturing in the UK.  

 

7.6.2 Disposal  

7.6.2.1 Underground disposal 

Another option is to inject the wastewaters into geological formations suitable for storage, 

such as depleted oil and gas reservoirs or saline aquifers. This method relies entirely on 

the geological suitability and available capacity of a region to store these waters, therefore 

cannot be relied upon uniformly. Concerns exist over the suitability of underground 

injection for the UK, due to increase in induced and triggered seismicity across the USA 

where the technique is practiced with high rates of injection (Weingarten et al., 2015). 

Additionally, without prior treatment or separation, underground injection confines the 

large volume of fresh water utilised in the fracturing process to waste, which will 

significantly add to the water footprint of operations. 

 

7.6.2.2 Surface disposal  

Disposal can also include discharge to a surface water body such as a river, estuary or 

canal. Surface discharge requires the waters to be treated to an environmentally acceptable 
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level before they can be released to the environment. In the UK, the parameters for 

environmentally acceptable discharge to the water environment are set by the Water 

Framework Directive (2000/60/EC) and the local environmental agency permits 

discharges of this kind on a case by case basis (see Section 15.2 – UK and USA Water 

Quality Limits). These agencies are: The Environment Agency (England); The Scottish 

Environmental Protection Agency (Scotland); Natural Resources Wales (Wales). 

Generally, to discharge the waters generated by hydraulic fracturing to the surface water 

environment without detriment to water quality extensive treatment will be required. 

 

7.6.3 Treatment 

Wastewaters from hydraulic fracturing operations must be treated to remove 

contaminants and reduce salinity unless the waters are being disposed of through deep 

geological disposal, or diluted and reused in further fracturing operations. Treatment of 

these waters is complex as they can contain total dissolved solids (TDS) of 50,000-250,000 

mg/L, meaning that for every litre of water returned, between 5 – 25% comprises of 

dissolved contaminants. They also tend to contain heavy metals, naturally occurring 

radioactive material (NORM), oils and grease and a number of chemicals added prior to 

fracturing (see Section 15.1 – Table of Common Hydraulic Fracturing Additives). 

 

7.6.3.1  Removal of Total Dissolved Solids (TDS) 

Reducing or removing dissolved contaminants from flowback waters commonly occurs 

by distillation or reverse osmosis. Reverse osmosis (RO) utilises the osmotic pressure 

between two liquid streams of differing salinities to push the saline water across a filtration 

membrane, removing the contaminants of interest. RO is the less energy intensive and 

more cost effective option (Table 1 & Table 2), however its application is limited to waters 

with TDS below 50,000 mg/L. During RO two streams are generated, one fresh water 
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stream, and a brine or concentrated stream which can be sent on for treatment by 

distillation to enhance fresh water recovery. Distillation involves using heat energy to 

evaporate the contaminated water in an enclosed environment whereby the potable water 

re-condenses leaving the contaminants contained within the residue.  This process is 

energy intensive, due to the heat required for high-volume evaporation, and therefore also 

costly (Table 1 & Table 2). Reverse osmosis can recover 40–90% of the input volume as 

fresh water, whilst distillation has a slightly better recovery rate of 50–90%. The 

unrecoverable waste becomes concentrated with contaminants not targeted by this 

treatment such as heavy metals or naturally occurring radioactive materials and will require 

additional focused treatment or permanent disposal. 

 

Table 1 – Estimated energy consumption range for Reverse Osmosis and Thermal Distillation to remove total dissolved solids from waste 

water from hydraulic fracturing (Nijmeijer and Metz, 2010). 

Treatment Low High 

Reverse Osmosis 2 kWh / m3 6 kWh / m3 

Thermal Distillation (MVC) 11 kWh / m3 18 kWh / m3 

 

Table 2 – Estimated cost range for  Reverse Osmosis and Thermal Distillation to remove total dissolved solids from wastewaters. Source: 

Department of Energy, National Energy Technology Laboratory Report. 

Treatment Low High 

Reverse Osmosis $2.64 / m3 $18.8 / m3 

Thermal Distillation (MVC) $18.8 / m3 $31.4 / m3 
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7.6.3.2  Removal of Heavy Metals, Suspended Particles and Hydrocarbons 

Human exposure to heavy metals in water can cause serious negative health effects, and 

therefore regulations exist to minimise exposure from discharged wastewaters (Barakat, 

2011). Wastewater containing heavy metals is produced by a number of industries 

including manufacturing, mining, petroleum refining, photographic processing, as well as 

conventional and unconventional oil and gas operations.  

A number of treatment techniques can remove particulate matter from returned waters. 

Filtration removes particles by passing the waste stream through a barrier screen designed 

to trap or block any particulate material. This process is limited by the efficiency and size 

restrictions of the filtration membrane. Flocculation removes metals from suspension by 

addition of a flaking agent that causes particles to coagulate in larger groups that must be 

sifted out. Oxidation utilises the strength of hydroxyl radicals to oxidise and eliminate 

organic compounds, and also metals in waste water. Oxidation requires a high volume of 

chemical input to reduce the heavy metal content of wastewaters and produces 

contaminated sludge that requires secondary treatment or long-term disposal (Barakat, 

2011).  

Heavy metals, suspended particulate matter and hydrocarbons within returned waters can 

also be removed by electrocoagulation (EC). EC alters the surface charge on contaminant 

particles held in the water causing them to separate and accumulate in an easily removable 

mass. EC does not require any external parts such as filters or chemical additives, offering 

a low waste, low maintenance treatment option. Typically EC requires 0.5-6.25 kWh/m3 

of energy depending on water conductivity and operating time, however novel methods 

of EC treatment utilising alternating instead of direct currents could bring the energy 

intensity down by 70% (Lobo et al., 2016). Problems with EC include regular cleaning or 

replacement of the electrodes and appropriate handling and disposal of the sludge or 

accumulated contaminants. 
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7.6.3.3 Removal of Naturally Occurring Radioactive Material (NORM) 

The decay of radionuclides causes radiation to be emitted prompting negative health 

impacts at critical doses, so monitoring and appropriate control of NORM in waste 

streams is extremely important.   

NORM contaminated waste streams generated by the conventional offshore 

hydrocarbons industry can be re-injected into the source formation to provide pressure 

support or enhanced reservoir recovery, or can be diluted and dispersed offshore into the 

sea without major environmental implications (Gafvert et al., 2007; Almond et al., 2014). 

With the case of unconventional hydrocarbon production onshore, the waters have 

predominantly been introduced by the fracturing process and therefore re-injection into 

the source formation is not viable as there is very little available pore space to inject the 

waste water into. Dilution and dispersion of wastewaters from hydraulic fracturing at sea 

is unlikely to be feasible due to limitations on marine contamination enforced by the 

OSPAR Treaty (Convention for the Protection of the Marine Environment of the North-

East Atlantic, 2007). Additionally, concentrations of radionuclides in unconventional 

waste streams are expected to be 1.5 times higher than in conventional hydrocarbon waste 

streams due to the direct contact with the radionuclide-rich hydrocarbon bearing shale 

rocks (International Association of Oil & Gas Producers, 2016). Any facility receiving 

flowback contaminated with NORM will have to consider how to suitably manage the 

risks posed to infrastructure and workers on site.  

Naturally occurring radioactivity tends to be present in rocks as the parent radionuclides 

232U and 238Th (Figure 6). The daughter particles 226Ra and 228Ra are highly soluble and 

tend to be mobilised by injected fluids during the interaction between the fluids and 

freshly fractured shale faces. Ra is chemically similar to other alkaline earth elements such 

as magnesium (Mg), barium (Ba), strontium (Sr), and calcium (Ca) and so readily co-
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precipitates once produced at the surface generating naturally occurring radioactive 

deposits. If any solids precipitate out as part of pre-treatment processes then these will 

also be contaminated with NORM, for example the evaporate deposit residue generated 

by distillation to remove dissolved contaminants.   

 

 

Figure 6 – Flowchart illustrating the distribution of the 232Th and 238U radioactive decay series across unconventional gas operations. Grey 

columns indicate geological decay series, blue columns indicate where radionuclides are prevalent in aqueous phase. Source:  (International 

Association of Oil & Gas Producers, 2016) 
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8 Thesis Outline 

 

During hydraulic fracturing, the fluids injected into the subsurface are chemically altered 

during their time underground. The fluids that return to the surface following fracturing 

require appropriate management to minimise risk posed to the environment by unplanned 

release (spills, blowouts, etc.) and through improper treatment and discharge. 

Since the hydraulic fracturing industry in the UK is in its infancy, data on the volume and 

composition of these waste fluids are lacking, making preparation for the management of 

this waste complex and subject to many unknowns. This thesis aims to improve upon the 

understanding of the potential composition of these fluids and their management options 

by combining novel experimental research with data collected from extensive operations 

in the USA to better confine the composition of these returned fluids.  

Secondly, laboratory-based experiments were conducted to replicate the sub-surface 

conditions during fracturing and investigate the source and fate of constituents of concern 

within these wastewaters (Chapter 10). The influence of temperature, pressure, geology 

and chemistry of injected fluids were investigated in a number of experiments. Fluids 

produced during these experiments were analysed for a suite of chemical constituents to 

determine what reactions had taken place during interaction between the rocks and fluids. 

Additionally, aggregate data from the USA was used to mathematically predict the 

expected volumes and chemistry of waste to be produced in the UK should a fully-fledged 

shale gas industry develop. This was used to infer the economical and energetic cost 

implication of treatment (Chapter 9), giving socio-economic context to our understanding 

of the management of this waste.  
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9 Viability and Cost of Managing Wastewater from Hydraulic 

Fracturing in the UK 
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9.1 Abstract 

 

The safe and effective management of wastewaters from unconventional hydrocarbon 

production using the hydraulic fracturing (fracking) process poses a major challenge 

(Gaudlip and Paugh, 2008; Gregory, Vidic and Dzombak, 2011; Rahm et al., 2013; 

Kondash, Albright and Vengosh, 2017a; Zhang et al., 2017). Exploitation of 

unconventional hydrocarbons, such as shale gas, remains controversial in the UK 

primarily due to concerns surrounding the hydraulic fracturing process required to extract 

the resource. The key issue of how waste fluids produced by hydraulic fracturing in the 

UK will be safely managed has yet to be adequately addressed, and the capacity for the 

specialist treatment required is currently uncertain. To address this critical knowledge gap 

we review, for the first time, the available management options for these waste fluids in 

the UK. We find that these are limited in comparison to the options available in the U.S., 

due to uncertainty surrounding whether wastewater injection wells will be permitted in 

the UK. Consequently, it is highly probable that these fluids will need to be treated and 

safely disposed of at the surface. In order to constrain the composition of wastewater 

which will require treatment in the UK, we analyse the only existing data set of returned 

waters from hydraulic fracturing (n = 31). We supplement this with measurements of 

wastewater from UK conventional onshore hydrocarbon (n = 3), and offshore 

hydrocarbon (n = 14), operations which produce water from similar formations as those 

currently targeted for shale gas exploration. Comparison of this limited UK data to the 

more extensive unconventional production dataset from the United States (n = 3092) 

provides confidence in our projected UK wastewater compositions. We find that the high 

level of salinity and concentration of naturally occurring radioactive material (NORM) in 

UK wastewaters will be problematic to treat for disposal into a freshwater environment. 

We use our data compilation to estimate costs of treating such wastewaters in a number 
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of relevant scenarios. We find that the projected salinity in FP waters from UK hydraulic 

fracturing operations can be treated at a cost of between $107 683 (∼£80 000) and 

$1 376 093 (∼£1 047 000) per well, with a P50 value of $459 472, requiring  between 2 and 

26% of expected revenue. Additional costs, specific to the UK of up to £163,450 per well, 

will be incurred due to the legislative requirement for disposal of NORM concentrated 

sludge in permitted landfill sites. We find that  existing capacity to receive NORM waste 

at currently permitted UK treatment facilities is limited, and that this will pose 

management problems if wastewaters are generated from multiple unconventional wells 

simultaneously. 
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9.2 Overview 

 

Hydrocarbon production from shale formations has become an increasingly prominent 

source of energy over the last decade, yet exploitation of the resource remains 

controversial. The majority of this controversy is due to concerns surrounding the 

hydraulic fracturing (fracking) process which is required to extract the hydrocarbons, and 

the management of resulting wastewater (Gaudlip and Paugh, 2008; Gregory, Vidic and 

Dzombak, 2011; Rahm et al., 2013; Kondash, Albright and Vengosh, 2017a; Zhang et al., 

2017). During the process, injected fluids (typically consisting of 99.5% fresh water and 

proppant to maintain fracture connectivity), and 0.5% chemical additives such as biocides, 

surfactants, viscosity adjusters, cross-linkers, breakers, corrosion inhibitors, bactericide, 

and friction reducers (ERM, 2014) react with the freshly fractured and exposed minerals 

and mix with the formation fluids within the shale rocks being targeted. On de-

pressurisation of the well following the fracturing process, these fluids are returned to the 

surface having inherited heavy metals, naturally occurring radioactive material (NORM), 

salts and hydrocarbons from interaction with the rocks and fluids at depth. The chemistry 

of fluids returned is determined by the base chemistry of fracturing fluid, geochemistry 

of the rock, and the fluid chemistry of any formation waters residing in the pore space 

(Capo et al., 2014), with potential influence from the chemistry of residual drilling fluid. 

Volumes of fluid returned vary depending on (1) the volume of fluid injected, (2) local 

geological characteristics that control water retention in the subsurface such as imbibition 

and extent of fracture network (Zhou et al., 2016) and (3) well length (Schmid and 

Yoxtheimer, 2015). We collectively define and refer to these fluids as flowback and 

produced water (FP water), after (Nicot et al., 2014). 

FP waters generated by unconventional hydrocarbon operations – such as hydraulic 

fracturing or coal bed methane extraction – require appropriate management to ensure 
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that they are stored, transported, treated and disposed of in a way that minimises the 

operational need for fresh water, maximises the efficiency and cost of the processes and 

reduces risks posed to the environment. The expected volumes and chemistries of FP 

water, or the capacity for their treatment (The Royal Society, 2012) or disposal in the UK 

is poorly understood, as outlined in a recent joint report from the Natural Environment 

Research Council (NERC), National Science Foundation (NSF), and Royal Society of 

Chemistry (RSC). This is the only literature published in the public domain that covers 

the management of FP waters from shale gas extraction in the UK to date, and concludes 

that the potential cost of treatment of FP waters could render extraction of shale gas 

reserves in the UK uneconomic (Reible and Davies, 2015). However, this conclusion was 

based on a limited review of available data that made no comprehensive assessment of 

UK FP water management options. To address this critical knowledge gap we review the 

available options for management of these wastes in the UK.  
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9.3 Options for Wastewater Management in the UK 

 

Section 7.6.3 from Chapter 7 of this thesis appeared at this point in the published version of this paper, 

it is not repeated, however can be read on page 35. 
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9.4 Predicting Volumes of Wastewater Generated  From Hydraulic Fracturing in the UK 

 

The volume of fluid injected to undertake the hydraulic fracturing process depends on; 

the depth and length of well to be fractured, the number and length of stages to be 

perforated, the properties of the fracturing fluid, and the geological characteristics of the 

formation (Scanlon, Reedy and Nicot, 2014; The Environmental Protection Agency, 

2015). Concurrently, volumes of FP water produced vary according to the volume of fluid 

injected, local geological characteristics that control water retention in the subsurface such 

as imbibition and extent of fracture network, and the well length (Schmid and 

Yoxtheimer, 2015; Zhou et al., 2016). To date, only one well, targeting the Carboniferous 

Bowland Shale Formation, located at Preese Hall in Lancashire, England, has been 

subjected to high volume hydraulic fracturing in the UK. In 2011, Cuadrilla Resources 

injected 8399 m3 of fluids, and perforated six fracturing stages in this well, before 

operations ceased and approximately 8000 m3 of FP water was produced at the surface.  

As this operation provides the only FP water volume datum for the UK at present, 

additional estimates of the likely volume of FP water returned to the surface can be made 

using injection volume estimates from the British Geological Survey and published ranges 

of percentages of injected fluid returned by the in the following equation (1).  

 

 Vreturned= Vinjected. %returned 1 

Where; V = volume. 
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9.5 Calculating Costs of Wastewater Treatment 

 

The cost of FP water treatment can be determined by equation 2 (adapted from Webb 

and Woodfield 1981): 

 

 C=R+VP+(
Ss
St

.S) 2 

Where; 

C is the total cost to the operator, 

R is the cost of receiving the waste at the facility in question including storage and 

transport costs, 

V is the volumetric cost of waste treatment imposed by the plant, 

P is the cost per volume of the primary treatment applied to the waste, 

St is the Total Suspended Solid (TSS) concentration of the waste, 

Ss is the Total Dissolved Solid (TDS) concentration of the waste, 

and S is the cost of the treatment of solids. 

 

To forecast the cost of treatment of wastewater (C), the volume of waste to be treated 

(V) and the chemistry, or solid salinity, (St, Ss) must be determined and combined with 

the cost of auxiliary treatment (R, P, S).  

We apply the results of the volume calculation (1) to a simplified cost projection equation 

(3) to identify the expected range in cost of treatment for our simulated range of FP water 

volumes. To provide a contextual and holistic estimate of the likely cost of treatment, 

published costs (Ctreatemnt) for reverse osmosis (RO) and distillation by mechanical vapour 

compression (MVC), were used (Alleman and ALL Consulting, 2010) (Section 15.4.1). 

These costs were supplemented with a cost range provided by a specialist treatment plant 

in Pennsylvania, U.S. which uses a combination of chemical adjustment, filtration, 
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settling, and distillation to produce dischargeable and re-usable effluent (Gilfillan and 

Haszeldine, 2016).  

 

Treatment 
Source Comparative 

Mean 
units Minimum units Maximum units 

Reverse Osmosis 

<50,000 mg/L 

(Igunnu and Chen, 2014) 

2.16 $/m3 

0.19 

10,000 

mg/L 

$/Bbl 

0.50 

35,000 

mg/L 

$/Bbl 

 
(Harto, 2014) 

2.14 $/m3 0.13 $/Bbl 0.21 $/Bbl 

 
(Mittal et al., 2012) 

5.03 $/m3 0.2 $/Bbl 0.6 $/Bbl 

 
(Alleman and ALL Consulting, 

2010) 12.33 $/m3 0.42 $/Bbl 3.5 $/Bbl 

Mechanical Vapour Compression 

>50,000 mg/L 

(Igunnu and Chen, 2014) 
0.5 $/m3 

0.08 

>40,000ppm 
$/Bbl 0.08 $/Bbl 

 
(Harto, 2014) 

1.32 $/m3 0.21 $/Bbl 0.21 $/Bbl 

 
(Alleman and ALL Consulting, 

2010) 25.16 $/m3 3.00 $/Bbl 5.00 $/Bbl 

 
(Lara, Osunsan and Holtzapple, 

2011) 0.83 $/m3 0.42 $/m3 1.24 $/m3 

Underground Disposal by Injection 
(Harto, 2014) 

1.20 $/m3 0.19 $/Bbl 0.19 $/Bbl 

 
(Hagström et al., 2016) 

16.98 $/m3 0.05 $/Bbl 2.65 $/Bbl 

 
(Jiang, Hendrickson and 

Vanbriesen, 2014) 6.8 $/m3 0.59 $/m3 13.00 $/m3 

 
(Mittal et al., 2012) 

10.50 $/m3 0.07 $/Bbl 1.6 $/Bbl 

 
(Moore, Wang and Acharya, 2010) 

25.16 $/m3 1 $/Bbl 3 $/Bbl 

 
(Fakhru’l-Razi et al., 2009) 

16.98 $/m3 0.05 $/Bbl 2.65 $/Bbl 

Table 3 - Reported range in cost of treatment techniques used to treat wastewater from hydraulic fracturing. 

A Monte Carlo simulation (n = 10,000) was performed to estimate the range in total cost 

likely to arise from changes in expected injected and returned volumes of fluid, and to 

estimate the sensitivity of each parameter within the calculation to the total cost of 

treatment. Each Monte Carlo simulation was run with 10,000 iterations using R. The input 

parameters used are listed in Table 4, and the input equations are described in Table 5. 
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Uniform distributions were assumed between end-member data points. Results are 

presented in Section 9.5.1 & 9.5.2. Table 6 & Table 7 show the P2.5, P50 and P97.5 values, 

indicating the 95% confidence interval (P2.5 – P97.5) and the median (P50) of each 

simulation. Cumulative frequency distributions (CDFs) are also shown, with the P2.5 and 

P97.5 values marked in solid colour corresponding lines, and the P50 values with dashed 

lines (Figure 7, Figure 8, Figure 9). 

 

 Ctotal=Vinjected.%returned.Ctreatment 3 

Where; 

C = cost. 

 

  Minimum Maximum Source 

Volume injected  7,000m3 18,000m3 See S.I.4 

Percentagereturned  10% 70% See S.I.5 

Costtreatment 

RO $0.50/m3 $12.33/m3 See S.I.3.1 

MVC $0.47/m3 $25.16/m3 See S.I.3.1 

CBD $50.31/m3 $164.50/m3 Eureka Resources (Gilfillan and Haszeldine, 2016) 

Energytreatment 

RO 0.13 kWh/m3 6.4 kWh/m3 See S.I.3.2 

MVC 6 kWh/m3 16.26 kWh/m3 See S.I.3.2 

CBD unknown unknown NA 

Costdisposal Injection $1.2/m3 $25.16/m3 See S.I.3.1 

Table 4 - input parameters for monte carlo simulations to predict cost of treatment 

 Volume (Vreturned)= Volume (Vinjected) .  Percentage (Preturned) 

 

 

 Cost (Ctotal)= Volume (Vinjected) .  Percentage (Preturned) .  Cost (Ctreatment) 

 

 

 Energy (Etotal)= Volume (Vinjected) .  Percentage (Preturned) .  Energy (Etreatment)  

Table 5 - input equations for monte carlo simulations to predict cost of treatment 
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9.5.1 Volume Simulation Results 

Projected Volumes (m3)  (95%CI) P2.5 P50 P97.5 

Injected 7287.02 12527.297 17748.43 

Returned 1253.07 4676.047 10544.74 

Retained 3035.46 7037.632 13889.07 

Table 6 - projected volumes of injected, returned (wastewater) and retained (in the rock formation) from each hydraulic fracturing well in 

the UK., P2.5 - p97.5 represents the 95% confidence interval and P50 represents the median. 

 

Figure 7 - cumulative frequency plot of the predicted volume of returned wastewater 
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9.5.2 Cost Simulation Results 

Projected Costs ($) P1 P2.5 P50 P97.5 P99 

Reverse Osmosis 814.96 2,701.73 24,846.46 94,815.38 132,904.08 

Mechanical Vapor 
Compression 955.61 3,952.76 50,506.23 196,484.74 270,996.33 

Combined (Eureka 
Resources) 57,815.40 107,683.1 459,472.27 1,376,093.80 1,819,846.90 

Table 7 - projected range in cost for treatment of wastewater from a single hydraulic fracturing well in the Uk. P1 - P99 represents the 

99% confidence interval, P2.5 - p97.5 represents the 95% confidence interval and P50 represents the median. 

 

Figure 8 - cumulative frequency distribution of calculated cost for each treatment method as per Table above. 

reverse 
osmosis 

mechanical 
vapour 
compression 

combined 
treatment 
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Figure 9 - cumulative frequency distribution of calculated cost - for reverse osmosis and mechanical vapour compression only) 

  

reverse 
osmosis 

mechanical 
vapour 
compression 
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9.6 Assessing the Capacity for Wastewater Treatment in the UK 

 

Non-specialist public treatment works in the UK are unable to treat highly saline and 

NORM contaminated waters (Vidic et al., 2013; Zhang, Sun and Duncan, 2016). Hence, 

the removal of salinity (TDS) and NORM can only be undertaken at specially permitted 

treatment facilities (Department of Energy and Climate Change, 2014). There are 

currently four treatment facilities in the UK that are appropriately permitted to handle 

liquid waste containing NORM (The Environment Agency, 2000, 2010b, 2010a, 2013). 

Publicly available permitting documents for these four sites provide information on the 

environmentally agreed limits for accumulation and disposal of aqueous radioactive waste 

on a daily, monthly and annual basis. Amalgamating these provides the total daily 

accumulation and disposal limits for the UK (correct at time of publication). Using the 

measured radioactivity in FP waters from the 2011 hydraulic fracturing at Preese Hall and 

the projected volumes of FP water, we estimate the range in radioactivity expected to be 

received and disposed of by the sites listed (Equation 4).  

 

 Aprojected=Ameasured.Vprojected 4 

Where; 

A = radioactivity.  

 

Supporting information for the methods described in this Chapter can be found in Sections 15.3 - 15.6. 
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9.7 Results 

 

9.7.1 Volumes of FP Water 

 

The British Geological Survey estimate between 7000 m3 and 18,000 m3 of injection fluid 

will be required for each UK hydraulic fracturing operation (Stuart, 2012) (See Section 

15.5 for further data relating to the water requirements of hydraulic fracturing). The 

American Petroleum Institute cite that between 10% and 70% of this fluid typically 

returns to the surface (American Petroleum Institute, 2010) (See Section 15.6 for further 

data relating to the percentage of water returned during hydraulic fracturing). Using 

Equation 1 with the bounding values listed allows calculation of expected return water 

volumes of between 700 m3 and 4900 m3, if 7000 m3 is injected. If the volume injected is 

nearer to the upper bound of 18,000 m3, then the range of returned waters increases to 

1800 m3-12,600 m3. These do not represent exhaustive volume limits, as corroborated by 

the wider range of volumes recorded in the U.S. (The Environmental Protection Agency, 

2015), but provide reasonable estimates within the confines of existing data for the UK. 

To improve upon this volume estimate, a Monte Carlo analysis (n=10,000) was performed 

on this volume projection to determine the 95% confidence intervals, given a uniform 

probability distribution assumed between the BGS end-member values. These 

simulations determine that in 95% of cases the FP water volume is likely to be between 

1253 m3 and 10,544 m3, and only in 1% of cases will the FP water volume exceed 12,224 

m3. The volume of water retained by the formation could vary from 2227 m3 to 12,754 

m3 under these injection volume scenarios (Table 6). 

In comparison, the return of 8000 m3 fluids from the 8399 m3 injected by Cuadrilla 

Resources in the only hydraulic fracturing of a shale formation in the UK to date 

highlights that 95% of the injected fluids returned to the surface.  However, this well was 
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not completed and produced in the planned fashion, with no shut-in period due to the 

triggered seismic events, and hence these ratios are not representative and are not used in 

the modelled volumes of FP water. The fluid volume injected at Preese Hall is well within 

the 5th and 95th percentile volumes of fluids injected for hydraulic fracturing in 38,530 

wells in the U.S. between 1st January 2011 and 28th February 2013 which range from 135 

m3 to 32,700 m3 respectively, with a median volume of 6800 m3 (The Environmental 

Protection Agency, 2015). However, these data include volumes for fractured vertical 

wells and coal bed methane operations, which typically use significantly less fluids. A 

higher and more concise volume range would be expected should the hydraulic fracturing 

of only high volume, horizontally drilled wells be considered, but unfortunately, the U.S. 

data is not reported by well type. 

 

9.7.2 Cost of Wastewater Treatment 

The expense and energy intensity of FP water treatment is dependent on the composition 

of the water to be treated. The minimum, mean, and maximum, levels of dissolved solids 

measured in the FP waters collected by Cuadrilla for treatment, at Preese Hall were; 

94,000 mg/L, 128,750 mg/L and; 210,000 mg/L, respectively (Cuadrilla Resources, 

2011). Whilst these data are limited by being from a single well, this provides the best 

estimates of future compositions of UK FP waters currently available. Confidence in this 

salinity range is provided from examination of data from offshore operations that produce 

waters from wells drilled to the Bowland Shale or underlying Visean limestone 

formations.  The salinities of these waters range from 164,460 mg/L to 398,240 mg/L 

(CDA, no date), indicating that higher salinities may be possible from fracturing of other 

areas of the Bowland Shale. These offshore produced waters are typically discharged 

directly to the sea, and are only treated to separate co-produced hydrocarbons to the limit 

of 30 mg/L (National Measurement System, no date). 
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Period Epoch Age 

Sherw
ood Sandstone  

K
irkham

 A
bbey Form
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land Shale (offshore) 

Bow
land Shale (onshore) 

V
isean Lim

estones 

Age 

(Ma)   

Mean Salinity 

185,000 m
g/L 

349,000 m
g/L 

282,427 m
g/L 

168,750 m
g/L 

250,193 m
g/L 

Tr
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ic

 

Late Rhaetian      201 

Norian      209 

Carnian      228 

Middle Ladinian      237 

Anisian      241 

Early Olenekian      247 

Induan      250 

Pe
rm
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n 

Lopingian Changsinghian      252 

Wuchiapingian      254 

Guadalupian Capitanian      260 

Wordian      265 

Roadian      269 

Cisuralian Kungurian      272 

Artinskian      279 

Sakmarian      290 

Asselian   296 

C
ar

bo
ni

fe
ro

us
 

Pennsylvanian Gzhelian      299 

Kasimovian      304 

Moscovian      307 

Bashkirian      315 

Mississisppian Serpukhovian      323 

Visean      331 

Tournaisian      347 

Figure 10 - Stratigraphic chart annotated with mean salinities (mg/L) of fluid produced from shale formations in the UK. 

 

Additionally, produced waters from conventional onshore production at Kirby Misperton 

in Yorkshire, England from the Permian Kirkham Abbey and Permo-Triassic Sherwood 
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Sandstone Formations overlying the Carboniferous Bowland Shale exhibit a range of 

salinities from 180,000 mg/L to 349,000 mg/L (Third Energy, 2014). These comparisons 

provide confidence that the salinity levels measured at Preese Hall are comparable, on 

average lower, than salinities measured from fluid produced during offshore 

Carboniferous production and onshore Permo-Triassic production as outlined in Figure 

10. 

The cost of treatment is dependent on feedwater chemistry (Equation 2) meaning 

estimates of overall cost are limited by the assumption that FP water chemistry will not 

change throughout the life of the well. However, salinity is known to vary significantly 

within the first weeks of production and then increase with time as fluids are produced 

(Barbot et al., 2013).  Measured TDS values in FP waters from the U.S. range from 35 to 

358,000 mg/L (Madalyn S. Blondes, Kathleen D. Gans et al., 2016), so scenarios beyond 

those considered in this analysis are possible. However, this is the best data available at 

present, until further UK hydraulic fracturing operations are undertaken and can easily be 

adapted when additional FP water chemistry data becomes available.  

Using the data outlined, a Monte Carlo simulation was performed to predict the range of 

costs that will be incurred by operators for treatment of FP waters from a single UK well 

using Equation 3 (Table 7). The calculated costs range from $553 (low volume reverse 

osmosis for <50,000 mg/L TDS waters) up to $2,023,797 (high volume combined 

treatment techniques of high TDS waters) per well, with a 95% confidence interval of 

$2,701-$1,376,093. Only in 1% of cases where combined treatment techniques are used 

will the cost exceed $1,819,846 per well. The method of treatment and volume of water 

to be treated play a significant role in determining the overall cost of treatment. The 

variability in cost of treatment projected is greatest when the volumes of water produced 

are the highest. The range in cost of the treatment techniques considered is inherently 

linked to the energy requirements of those techniques. FP water containing a higher 
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concentration of dissolved solids requires more energy to treat (more pressure for 

osmosis and greater heat for distillation) and therefore is more costly per unit. The range 

of costs applied in this analysis show the variability in treatment cost due to range in 

chemistry of feedwater and processes utilised for treatment (Section 15.4.1). 

NORM are removed from FP water during treatment by mechanical vapour compression 

(MVC) when radioactive nuclides are precipitated within the sludge generated as a by-

product. Consequently, any sludge produced during MVC of FP waters is contaminated 

with NORM and must be disposed of to a Radioactive Substances Regulations (RSR) 

permitted landfill site or to the LLW (Low Level Waste) Repository, in Cumbria. The cost 

of landfill disposal in the UK (gate fee plus landfill tax) per tonne varied from £89- 35, 

with a median of £100/tonne, in 2014/15 (Waste and Resources Action Programme, 

2015). Due to the cost incurred by obtaining a RSR permit to receive LLW there is likely 

to be an additional charge for NORM contaminated waste corresponding to the 

radioactivity level of the waste (The Environment Agency, 2017). The LLW Repository 

pricing structure declares that the price for receipt of waste is based on “weight, volume, 

material type, radioactivity levels, hazardous content, packaging requirements, 

transportation mode and location”. They estimate a charge to the operator of £500/m3 

for very low level radioactive waste (VLLW, < 4 MBq/tonne), and £3038/m3 for low 

level waste (LLW, < 4 GBq/tonne alpha & < 12 GBq/tonne beta or gamma), with an 

additional charge per mega-Becquerel of £9 for 238U, and £55 for 232Th, including 226Ra 

(LLW Repositroy LTD, 2015). Additional costs will be incurred due to the need to 

transport the NORM contaminated sludge for disposal offsite.  

 

9.7.3 Capacity for Treatment of Naturally Occurring Radioactive Material in the UK 

Collation of publicly available data (The Environment Agency, 2000, 2010b, 2010a, 2013) 

allows calculation of a total daily accumulation limit for NORM in the UK to be 1.92x108 
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Bq for the 238U group, and 3.82x107 Bq for the 232Th group. The total daily disposal limits 

are 1.15x107 Bq for the 238U group, and 4.09x107 Bq for the 232Th group. These limits 

apply to the parent radionuclides and groups of daughter radionuclides within the same 

decay chain. Although there are no limits placed upon the volume of treated waste 

discharged from these plants, there are volumetric limits imposed upon the quantity of 

waste containing NORM that can be received per day, equating to 826 m3 or (826,000 L) 

per day. The maximum radioactivity per volume of waste that can therefore be received 

is 232 Bq/L for the 238U group and 46 Bq/L for the 232Th group. 

The maximum activity of 226Ra (238U group) recorded in FP waters from hydraulic 

fracturing in the UK is 90 Bq/L (day 158), with activities of 14, 6, and 17 Bq/L measured 

0, 50, and 70 days respectively from initial flowback. As these values are only from one 

fracturing event they should not be considered as exhaustive or necessarily representative 

figures for the UK (Department of Energy and Climate Change, 2014).  However, the 

recorded ranges in activity, and their increase in time as FP water is generated at the 

surface, are consistent with other studies of NORM in FP waters (Rowan et al., 2011). 

226Ra levels of up to 626 Bq/L have been recorded in U.S. unconventional FP waters, 

with a median value of 39 Bq/L. U.S. conventional hydrocarbon produced waters have 

been reported to have activities of up to 196 Bq/L, with a median of 12 Bq/L (Madalyn 

S. Blondes, Kathleen D. Gans et al., 2016).  Comparatively, the activity of from offshore 

disposal of produced water from conventional oil and gas operations to the UK sector of 

the North Sea from 2005-2012 was 5.9x108 and 13.3x108 Bq per day, for the 238U and 

232Th group, respectively. 

Using the activity data from the Preese Hall well, a Monte Carlo simulation was used to 

predict the likely range of activities of FP waters using Equation 4. The results indicate 

that the total 226Ra activity per hydraulically fractured well in the UK will range from 

9.5x104 Bq to 1.3x106 Bq in 95% of cases, and will only exceed 1.5x106 Bq in 1% of cases. 
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These values lie within the current calculated treatment capacity for the 238U group, 

though only when considering the projected activity for the parent radionuclide. 

Constraining the implications of multiple daughter radionuclide groups on the 

accumulation and disposal capacity is not possible at present due to the limited data 

available. These results show that it is unlikely that FP waters produced from a single well 

will cause significant stress to the existing treatment facilities, provided they are divided 

between all available treatment plants. However, the uncertainty surrounding the volume 

of waste generated during fracturing could pose a threat to the capacity to treat NORM 

in the medium to longer term. 

The Environment Agency enforce volumetric as well as activity limits on the volume of 

aqueous waste containing NORM that can be received at available treatment sites, 

currently amounting to 825 m3/day across the UK. If the volume of FP water produced 

during fracturing exceeds this the capacity of the available treatment facilities could 

become critically stressed.  Hence, without alternate storage options or emergency 

treatment capacity, operations would be forced to cease until the fluids can be 

appropriately handled.  
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9.8 Implications 

 

9.8.1 Cost of Salinity Treatment 

The values of salinity measured in FP waters from the hydraulic fracturing of the Bowland 

Shale in the UK range from 98,000 to 210,000 mg/L. Salinity of FP water can vary 

geographically within a single shale basin due to lithological heterogeneity and distribution 

of relatively saline horizons (Blauch et al., 2009; Rowan et al., 2011). However, these values 

lie well within the reported salinity ranges observed in FP waters from unconventional 

production in the Haynesville, Marcellus and Barnett shale plays of the U.S. (35-358,000 

mg/L). Additionally, they are lower than measured salinities of produced water from 

conventional hydrocarbon extraction onshore (180,000-349,000 mg/L) and offshore 

(164,000-398,240 mg/L) in similar formations in the UK (Figure 10).  

It is clear that FP water with higher levels of contaminants, including TDS, will be more 

costly and energy intensive to treat. Waters with TDS levels above 50,000 mg/L can only 

be treated by distillation (MVC), as filtration and osmosis has been proven to be 

ineffective at high salinities (Horner, Halldorson and Slutz, 2011).  

The 95% confidence range of estimated costs of desalination, per well, for FP waters 

from fracturing of the Bowland Shale in the UK by MVC range from $3952 to $196,484. 

Disposal of desalination by-products such as sludge contaminated with NORM will 

significantly increase the cost projections.  The U.S. Energy Information Administration 

calculate that the mean estimated ultimate recovery (EUR) from shale gas wells is 1.8 x 

106 MMBtu (US Energy Information Administration, 2016b). With the current price for 

natural gas at $2.94/MMBtu (correct as of November 2017), each well can be estimated 

to generate on average $5,292,000 in revenue. Therefore, up to 3.7% of the total revenue 

from a single shale gas well could be absorbed by desalinising treatment costs alone. 
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Variations in the price of natural gas can cause the percentage of expected revenue 

required for FP water treatment by MVC to vary from 2% up to 5%. 

Additionally, if multiple treatment processes are required to target multiple contaminants 

within the waste, the cost can increase significantly. Eureka Resources, a specialised FP 

water treatment company based in Williamsport (PA), typically charge $50.30/m3-

$164.50/m3 to treat FP water at their designated facility (Gilfillan and Haszeldine, 2016). 

If these prices are to reflect the total combined treatment cost in the future for the UK, 

between $107,683 to $1,376,093 (95% CL), or up to 26% of the estimated revenue per 

well would be required.  The U.S. has also benefitted from the use of portable treatment 

facilities that reduce salinity and remediate against some contaminants on-site before re-

use. These reduce the transport requirements associated with off-site waste treatment, but 

increase the likelihood of onsite spills as a result of increased on site waste handling.  

 

9.8.2 Cost of Naturally Occurring Radioactive Material Treatment 

Aqueous NORM waste in the UK is treated by following the principal of ‘dilute and 

disperse’ within the sewerage and water treatment system (Department of Energy and 

Climate Change, 2014). Given that underground disposal of FP waters has been 

discounted as an option for the UK to date, treatment for re-use or effluent discharge will 

be required.  

It is also pertinent to consider the volume of solid or sludge NORM waste generated as 

a by-product. Radium, the most common NORM in FP water, is chemically similar to 

other alkaline earth elements such as magnesium (Mg), barium (Ba), strontium (Sr), and 

calcium (Ca) and so readily co-precipitates generating NORM concentrations in scale and 

sludge produced during MVC treatment. This sludge by-product will require disposal to 

landfill with the appropriate radioactivity permits unless exempt due to low activity by the 

Radioactive Substances Regulations (2011).  
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Within the context of Equation (2), the S value for FP water containing NORM will be 

inflated by the cost of obtaining and maintaining a RSR permit, with application fees for 

2017 ranging from £980-£2640, and subsistence costs ranging from £154 to £3940 per 

year depending on the conditions and nature of the mining waste activity proposed (The 

Environment Agency, 2017). Additionally, disposal of these sludge wastes at landfill will 

incur a ‘gate fee’ and landfill tax, between £89-£135 per tonne in 2014. Utilising the 

known salinity of waters returned at Preese Hall, the total mass of solids available for 

removal from waters returned during fracturing of a single well can be projected to be 

between 10 and 3269 kg (53-2053 kg, 95% CL). Between 1 and 99% of the volume of 

sludge is comprised of residual wastewater and therefore the total volume to be disposed 

of varies in proportion to the percentage water content (Andreoli, von Sperling and 

Fernandes, 2007). Dewatering processes significantly reduce the volume of waste to be 

disposed, but if 100% recovery of solids is assumed and no dewatering performed the 

volume of sludge to be disposed varies from 10-329,600 kg (0.01-326.9 t). This equates 

to an additional cost of £1.00-£326.90 in regular landfill gate fees per well, or up to 

£163,450 (£500 per m3 of sludge) at the LLW Repository exclusive of permitting levies 

for the cost incurred in obtaining an RSR permit, transportation costs, and radioactivity 

charges such as those imposed at the LLW Repository (LLW Repositroy LTD, 2015). 

The maximum projected disposal cost of NORM waste of £163,450 equates to an 

additional 3% of the estimated overall revenue generated from a single well. Therefore 

under these scenarios is unlikely that the additional costs of disposing this low level 

radioactive sludge will render unconventional extraction uneconomic, however the issue 

of available capacity remains pertinent.  
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9.9 Lessons From the U.S. 

 

A number of the FP water management options practised in the U.S. have caused surface 

contamination, which has impacted the ecology and environment.  It is crucial that the 

UK learns from the mistakes and subsequent regulatory improvements made in the U.S. 

to prevent similar problems occurring in the UK.  

Treating waters returned by hydraulic fracturing operations at centralised or municipal 

treatment works in the U.S. has led to increased concentrations of contaminants such as 

TDS, bromide, and chloride in the receiving waters due to the incompatibility of the 

treatment facilities with the waters concerned (Gregory, Vidic and Dzombak, 2011; 

Olmstead et al., 2013; Warner et al., 2013). Inadequate treatment of these waters has also 

been shown to reduce water quality downstream from treatment works (Ferrar et al., 2013; 

Vidic et al., 2013; Warner et al., 2013; Wilson and Van Briesen, 2013; Hladik, Focazio and 

Engle, 2014). Consequently, treatment of water in public or municipal works has since 

been banned by the U.S. Environmental Protection Agency, and treatment may now only 

be performed by specialist or designated treatment works (US EPA, 2016).  

Leaks and spills associated with transport and storage of these waters can also cause 

detriment to water quality, as well as due to casing failure or poor well integrity at deep 

injection sites (Yuan et al., 2013). Containment of waters within unlined surface ponds or 

impounds can allow leaching into the water table and contamination of nearby ground 

and surface waters (DiGiulio et al., 2011). However, this practice will not be permitted in 

the UK (Environment Agency, 2013), and regulatory changes in some states in the U.S. 

mean that full lining of any hydraulic fracturing site is now required , which combined 

with a means of secondary containment of FP water has significantly reduced 

contamination risks (Kuwayama et al., 2015). 
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9.10 Conclusions & Recommendations 

 

We find that disposal options in the UK are limited by current restrictions on the 

underground injection of waste. Hence it is certain that some form of treatment will be 

required before waters will be re-usable, either for hydraulic fracturing operations or 

externally, or for safe to discharge to the environment. We find that whilst the salinity and 

NORM levels in future FP waters from UK hydraulic fracturing operations can be treated, 

this will cost between $2701 and $1,376,093 per well for salinity. This will require up to 

26% of the revenue generated by a typical shale gas well, and up to £163,450 (3% of 

revenue) for NORM management. 

We have found that there is currently limited treatment capability for receiving returned 

waters from unconventional gas operations in the UK that are contaminated with NORM, 

and no uniquely dedicated treatment plants currently exist. As the UK shale gas industry 

is in its infancy, the limited treatment capacity for returned waters should not pose a 

problem in the short term, unless especially high volumes of FP water are experienced 

that cannot be received at the currently permitted facilities.  

However, significant expansion of the shale gas industry resulting in simultaneous FP 

water production from multiple wells would critically stress the current capacity to receive, 

treat and dispose of NORM contaminated, highly-saline wastewaters. We strongly 

recommend that this area receives further attention from the emergent unconventional 

gas industry, the established waste water management industry and regulatory bodies in 

the UK, in order to produce a coherent strategy for the for the future management of FP 

waters. Our work has found that no such co-ordinated strategy currently exists, and 

limited FP management capacity in the UK will present a significant hurdle to future 

expansion of the industry unless it is urgently addressed.  
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We advise that future shale gas activities in the UK make their returned water composition 

data publicly available so as to improve upon the estimates presented in this study. We 

further recommend that future treatment options are reviewed in light of new data once 

it becomes available. 
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10 Laboratory Methods 

 

Hydrogeochemical Batch Reactions 

 

To investigate the geochemical interaction between freshly fractured shale rocks and 

injected fracturing fluids at realistic pressures and temperatures in the subsurface, batch 

reaction experiments were designed to replicate the physical and chemical conditions 

during hydraulic fracturing. 

Batch reaction experiments are closed chemical reactivity experiments where two or more 

reactants are placed under controlled temperature and pressure conditions. They allow 

the operator to define the ratios of reactants in the system, making it easy to cross 

compare the results of reactions taking place at differing times, and the duration of 

experiments is flexible to suit requirements.  

Batch reactors can be configured to relatively basic design and can be constructed with 

ease from readily available parts – the vessels for this research were constructed entirely 

from Swagelok stainless steel parts and can therefore be easily reconstructed to replicate 

experiments. They are easy to take apart and clean, however require significant labour to 

prepare, set up and clean in preparation for and after each experiment. This also means 

that during cleaning or preparation the vessels cannot be used, resulting in forced ‘down-

time’ where experiments cannot take place.  

The closed nature of batch reactor vessels means that they are hard to retrieve samples 

from without perturbing the system during an experimental run. This offers the benefit 

of ensuring a closed chemical system for the duration of experiments, however prevents 
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the system from being temporally sub-sampled without altering the conditions in the 

vessel.  

The batch reactors used for experiments in this thesis were designed to enable periodic 

sampling of the aqueous solution within the vessel to determine temporal change during 

each experiment, however this feature was not widely successful utilised due to residual 

shale material clogging the sampling tap and blocking fluids from passing through the 

sampling tap.   

Batch reactions can be used to replicate the pressure and temperature conditions within 

the subsurface. The batch reactor vessels and the experimental conditions were designed 

to mimic the hydro-geo-chemical conditions during hydraulic fracturing as closely as 

possible so that any shale rock could be reacted with any fracturing fluid to determine the 

chemical changes likely to occur during hydraulic fracturing operations. These 

experiments were designed so that without any field-scale fracturing operations taking 

place, the chemistry of any waste or residual fluid produced at the surface following 

operations could be better predicted and the overall geochemical interaction between 

shale and injected fluids in the subsurface could be better understood. 
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10.1 Rock Samples 

 

Eighteen shale rock samples were collated for conducting batch reactions (Table 8). 

Shales from the UK (n = 15) and the USA (n = 3) were obtained, and both rocks from 

outcrop (n = 3) and core (n = 15) were selected. Shale samples ranged in age from the 

Devonian Marcellus Shale (n = 3) to the Jurassic Kimmeridge Clay (n = 1), with the 

majority of samples from the Carboniferous Bowland Shale (n = 14). Twelve core samples 

of the Bowland Shale were obtained from the Preese Hall 1 well (LJ/05-5) in Lancashire 

(UK); six from the British Geological Survey records and six from Cuadrilla Resources 

Ltd. private holdings. Outcrop samples were collected of the Upper and Lower divisions 

of the Bowland Shale in Little Mearley Wood, near Clitheroe, Lancashire. Two core 

samples of the Marcellus Shale were acquired from the Snow Shoe 4 well (SS4-8HG), and 

one outcrop sample was collected from the Forgy Quarry, Newton Hamilton, 

Pennsylvania. A single core sample of the Kimmeridge Clay from a well in the East Brae 

offshore oil field in the North Sea (16/3a-E1) was also used. 

 

SampleS Location DMS Coordinates Well Number Geological Age Depth 

PH1-6 Preese Hall, UK 53°49'19.006"N / 2°56'56.576"W LJ/05-5 (BGS) Carboniferous 2348 – 2500 m 

BS1-6 Preese Hall, UK 53°49'19.006"N / 2°56'56.576"W LJ/05-5 
(Cuadrilla) Carboniferous 2086 – 2348 m  

BS-U Lancashire, UK 53° 52' 12.36'' N / 2° 20' 23.1025'' W - Carboniferous Outcrop 

BS-L Lancashire, UK 53° 52' 12.36'' N / 2° 20' 23.1025'' W - Carboniferous Outcrop 

MS◊ Pennsylvania, USA 40°23'51.7"N / 77°49'32.5"W - Devonian Outcrop 

MS-C Pennsylvania, USA 41° 3' 34.0596'' N / 77° 57' 58.9392'' W SS4-8HG Devonian 2521 – 2660 m  

KC-EB Sussex, UK  58° 52' 34.433'' N / 1° 31' 36.845'' E 16/3a-E1 Jurassic 3910 – 3918 m 

Table 8 – List of rock samples utilised in experiments, including  location of sample, geological age, well No and depth.  
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10.1.1 Devonian Marcellus Shale 

Marcellus Shale (MS) outcrop samples were collected from the Forgy Quarry on Ferguson 

Valley Road, North East of Newton Hamilton, Pennsylvania, 40°23'51.7"N / 

77°49'32.5"W by Dr. Stuart Gilfillan and Prof. Stuart Haszeldine (University of 

Edinburgh) in April 2016 (Figure 11).  

The exposures at the sampling site were described as “Bedded (5-20 mm), platy, very dark 

black ‘Marcellus Shale’. No fauna or flora visible of any type. A lot of pale iron brown on 

the bedding layers.  No pyrite, no jarosite weathering. Low density, and easy brittle 

fracture.” (Haszeldine, 2016).  

Data from wells drilled into the MS formation across Pennsylvania indicate porosities of 

5 – 15% in the southwest and 4 – 10% in the northeast, with permeabilities ranging from 

130 to 2000 nD (Range Resources, 2016). 

 

  

Figure 11 – Marcellus Shale outcrop sampling location: Forgy Quarry, Newton Hamilton, Pennsylvania. Left: Dr. Stuart Gilfillan stands with 

the exposure known to have been dug out within one month of sampling (April 2016). Right: Exposure with scale card shows scale and 

frequency of layering, and style of weathering in the shale.   

 

10.1.2 Carboniferous Bowland Shale 

Bowland Shale (BS) subsurface samples were taken from drillcore and cuttings of the 

Preese Hall 1 well (LJ/06-5) held by the British Geological Survey (BGS), in 2016, and 
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from Cuadrilla Resources private holdings, in 2017. The Preese Hall 1 well is located 

adjacent to Preese Hall Farm on the Fylde Coast of North West Lancashire, 

53°49'19.006"N / 2°56'56.576"W (Clarke and Hird, 2012). Details of each sample 

collected, including depth, lithology, and sample source are provided in Table 9. 

 

Sample Depth Formation Notes Source 

PH_1 2348.02 m Upper Bowland Shale perforated zone, gamma log ~110 API BGS 

PH_2 2348.06 m Upper Bowland Shale perforated zone, gamma log ~110 API BGS 

PH_3 2348.97 m Upper Bowland Shale perforated zone, gamma log ~110 API BGS 

PH_4 2015.52 m Upper Bowland Shale non-calcareous, Ro<1.1% BGS 

PH_5 2594.15 m Lower Bowland Shale N/A BGS 

PH_6 2499.97 m Upper Bowland Shale Ro >1.1%, producing zone not perforated BGS 

BS_1 2348.15 m Upper Bowland Shale perforated zone/core available Cuadrilla 

BS_2 2348.48 m Upper Bowland Shale perforated zone/core available Cuadrilla 

BS_3 2347.78 m Upper Bowland Shale perforated zone/core available Cuadrilla 

BS_4 2347.17 m Upper Bowland Shale perforated zone/core available Cuadrilla 

BS_5 2086.23 m Upper Bowland Shale high gamma log Cuadrilla 

BS_6 2086.23 m Upper Bowland Shale high gamma log Cuadrilla 

Table 9 - List of core samples collected from the Bowland Shale. Notes explain sampling choice and correlate to well log data provided by 

core holders (BGS and Cuadrilla).  

 

The Bowland Shale can be described as “Mainly dark grey fissile and blocky mudstone, 

weakly calcareous, with subordinate sequences of interbedded limestone and sandstone, 

fossiliferous in more-or-less discrete bands.” (British Geological Survey, 2017). 

Average effective porosity is 2.39% for the Upper Bowland Shale (UBS) and 2.82% for 

the Lower Bowland Shale (LBS), while total porosity is 3.31% and 3.70% respectively. 

Permeability was measured at 150 nD for the UBS and 115 nD for the LBS (Clarke and 

Hird, 2012). 

Outcrop samples of the UBS and LBS were collected from surface exposures of each 

formation in Little Mearley Wood, Clitheroe, Lancashire, 53° 52' 12.36'' N / 2° 20' 
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23.1025'' W. Permission to sample rocks in this area was obtained from Natural England 

and the landowner (Mr George Dobson) due to the exposures being within a Site of 

Special Scientific Interest (Section 15.7 – Pro-Forma for Unconditional Consent for 

Sampling). Sampling was carried out by Dr. Andrew Fraser Harris and Dr. Xander 

Lightbody in October 2017. 

 

10.1.3 Jurassic Kimmeridge Clay 

Kimmeridge Clay (KC) samples were obtained in 2008 from drillcore of the East Brae 

well (16/3a-E1) drilled by Marathon Oil PLC and held by the University of Edinburgh. 

The East Brae well extends into a gas condensate reservoir within the western margin of 

the South Viking Graben, and the KC-EB sample was taken from the caprock formation 

between 3910 m and 3918 m (Edlmann, Haszeldine and McDermott, 2013). 

The Kimmeridge Clay is a clay-rich siltstone with micaceous laminae with porosities 

ranging between 5 and 20%, decreasing with depth, and permeabilities between 0.09 and 

4 ηD (Okiongbo, 2011). 
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10.2 Reaction Fluids 

 

The rock samples were reacted with fluids of varying composition to reflect the range of 

fluids that are permitted for use during hydraulic fracturing in the UK. First, the samples 

were reacted in the batch reaction vessels with distilled water. Distilled water is vaporised 

and then re-condensed – removing any minerals, or other impurities. Although it is 

expected that most hydraulic fracturing operations will take place using locally sourced 

mains water, which has a higher mineral content than distilled water, it was anticipated 

that using distilled water as a base fluid would make any changes in the chemical 

composition of the reactant fluid easier to detect and interpret. A notable drawback of 

using distilled water in the batch reaction vessels is that it is more likely to react with any 

impurities surrounding it and therefore may cause higher than expected reactivity between 

shales and fluids. This was accounted for by the use of a blank batch reaction vessel which 

was set up to run with only distilled water – any material inherited by the water during 

this blank run would quantify any interactivity between the reaction vessel and the distilled 

water. The results of chemical analyses of product water were corrected for the chemicals 

detected in the blank batch reaction vessels. 

The effect of using distilled water over mains water in the reaction vessels was not able 

to be quantified, however it is anticipated that a greater proportion of minerals would be 

leached from the rock using distilled water and therefore results of these batch reaction 

experiments could be considered ‘worst case’ leaching scenarios compare to the use of 

mains water.  

During experimental development it became apparent that to conduct experiments with 

chemical additives used in the fracturing process alternative reaction vessels would be 

required. The primary chemical additive of interest; utilised for well clean-up, acid 

fracturing, and hydraulic fracturing, and the only chemical additive to be permitted for 



 78 

use within the UK at time of research was hydrochloric acid or HCl (King, 2012; The 

Environment Agency, 2014).  

Due to the known interaction of hydrochloric (HCl) acid with stainless steel, especially at 

elevated temperatures and pressures (Jessen, 2011), the designed batch reactors were not 

fit to conduct experiments with complex fluids including HCl. Thus, for experiments with 

HCl additive, alternative glass apparatus was used – which removed the ability to replicate 

sub-surface pressure in experiments using fluids containing HCl additive – as glass could 

not be pressurised to 1500 psi (103 bar).  
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10.3 Rock Sample Preparation 

 

Rock samples were cut to remove outer oxidised layer. Elongate slices of 5mm thickness 

were made into thin sections for optical and electron microscope analysis. The remaining 

samples were washed and left to air dry for a period of one week. Samples were passed 

through a dodge jaw crusher three times to crush to 1 mm chips. A Carboniferous shale 

from Spireslack Quarry in Glenbuck, Scotland (sampled from just below the index 

limestone marking the top of coal units) was passed through the rock crusher before each 

rock processing session to ensure cleanliness of crushing and milling equipment.  

After crushing, samples were sieved to separate the fractions. Crushed fractions of 1mm, 

0.5 – 1 mm, 0.18-0.5 mm and <0.18 mm were weighed (Table 10). The fraction 

distribution can determine crushing performance. Optimal crusher performance is 

achieved when 40% of the crushed material is finer than ½ the size of the crusher setting, 

and when 80% of the crushed material is slightly below the size of the crusher setting. 

Between 69 and 76% of the crushed material was returned as 1 mm chips, indicating 

slightly lower than expected crusher performance. This was not overly problematic for 

sample preparation since following crushing, as most material was milled to a much finer 

fraction using a tungsten carbide milling unit to maximise the available reactive rock 

surface (see p82 for more detail). 

Crusher performance may also be related to the abundance of brittle rock minerals, which 

determine the overall ‘fracability’ of a shale. A higher concentration of more brittle 

minerals means the rock is more likely to fracture easily and therefore gas recovery from 

hydraulic fracturing will be more successful, therefore typically, productive gas shales are 

more brittle than other softer sedimentary rock types. 

For all samples (with the exception 15 g of 1 mm KC rock chips) the crushed material 

was ground using a tungsten carbide milling unit. The milling unit was also flushed with 
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the carboniferous Spireslack shale and acetone in between each sample. The 1mm KC 

fraction was retained for a single experiment to determine the impact of particle size and 

surface area, while the remaining material was milled to a fine powder. The 1 mm fraction 

was washed with distilled water and left to air dry so as to remove any finer material from 

the surface of the shale chips. All samples were stored in airtight sample bags, out of 

direct sunlight, and away from harsh chemicals in the laboratory. 

The majority of rock samples used were recovered from geological core, and therefore 

the overall availability of material was limited. Core is expensive to obtain and store – and 

only a quarter of the overall cylinder of core is made available for sampling at the British 

Geological Survey Core Store. Much greater amounts of rock were able to be collected  

when samples were recovered from surface outcrops such as in the case of the samples 

from the Marcellus Shale. As illustrated by the data in Table 10, when sampling core, 

typically only 20 – 60 g was recovered for use in experiments. This meant that the number 

of experiments and replicates for each sample were limited by the amount of available 

rock. 

Experimental vessels were designed with this restriction in mind – and required only 15 

g of sample to conduct a batch reaction at a rock:fluid ratio of 1:20. However for some 

samples this did mean that only one experiment was able to be conducted before the 

sample was used up.  

The samples of Kimmeridge Clay held by the University of Edinburgh were more 

abundant than core samples or those brought from the USA and were available for 

immediate processing. 

Arranging for access to and collecting the other samples was time consuming and 

logistically challenging. After the Kimmeridge Clay samples, the next rock samples were 

not available for processing until May 2016, eight months after initially commencing this 

research, and three months after the experimental vessels were ready.  
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Additionally, an experimental run time of 28 days also requires sample processing, 

preparation, equipment cleaning and set up, and cleaning and re-set time in between 

experiments which was imperative to the successful re-use of batch reaction vessels.  

Three identical batch reactors were built so that multiple experiments could be conducted 

simultaneously, two containing rock an fluid and a single blank vessel containing only 

fluid. The vessel that was the blank was rotated to ensure effectiveness of the cleaning 

process across all vessels.  

To obtain a single set of results from one batch reaction took around four months, 

however some processes such as rock crushing and milling, as well as fluid analysis could 

be conducted simultaneously. Between finishing the batch reaction vessels in March 2016, 

and obtaining the first samples in April 2016, the first results of geochemical analyses of 

the fluids generated during batch reactions were obtained in September 2017. 

 

Sample Code/ 
Fraction >1 mm 1 - 0.5 mm 0.5 - 0.18 mm <0.18 mm TOTAL (g) 

MS 109.7 16.3 14.3 9.7 150.0 

KC 77.8 16.4 11.1 7.3 112.6 

PH1 28.9 4.2 3.3 2.5 38.9 

PH2 33.5 4.5 3.6 2.1 43.7 

PH3 47.3 7.1 5.6 4.6 64.6 

PH4 17.5 3.1 2.1 1.0 23.7 

PH5 27.3 4.5 3.1 2.0 36.9 

PH6 32.4 4.4 3.2 2.1 42.1 

Table 10 – Distribution of sieved fraction for each shale sample by mass. 
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10.4 Experimental Equipment Design & Development 

 

10.4.1.1 Reservoir Pressure and Temperature (Experiments (SF1) 

A pressurised batch reaction cell was designed and constructed to undertake batch 

reactions at representative sub-surface pressures and temperatures. The equipment was 

designed to be filled with a mixture of shale and fluid (ratio variable by experimental 

design), withstand and maintain pressurisation up to 2000 psi (138 bar), and be heated to 

100 oC in an oven. Three replicate batch reactors were designed to allow the simultaneous 

run of a control, a closed system batch reaction, and a batch reaction that allows the fluids 

to be repetitively sampled throughout the experiment duration. 

The equipment required to build these vessels was supported financially by an award from 

the Moray Endowment Fund, awarded annually by the University of Edinburgh to 

support original research. 

The batch reactors were constructed entirely of stainless steel Swagelok parts (Table 11), 

in the Laboratory 2.18 of the Grant Institute, University of Edinburgh. The batch reactors 

were designed to receive inflow from a pump, infill and pressurise the batch reactor 

cylinder, be shut off from the pump by on/off valves at each end of the cylinder, and be 

sampled from an on/off tap (Figure 12). 

 

 

Figure 12 – Design draft of experimental equipment, excluding all piping and connectors for clarity. 
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Item Item Specification Item Code Units  

One-Way Valve Stainless Steel Poppet Check Valve, Fixed Pressure, 1/8 in. Swagelok Tube 
Fitting, 1 psig (0.07 bar) SS-2C-1 1 

On/Off Flow Tap Stainless Steel Quarter Turn Instrument Plug Valve, 1/8 in. Swagelok Tube 
Fitting, 0.10 Cv SS-2P4T 2 

Batch Cylinder Connector Stainless Steel Swagelok Tube Fitting, Male Tube Adapter, 1/8 in. Tube OD x 
1/4 in. Male NPT SS-2-TA-1-4 2 

Batch Cylinder 316L Stainless Steel Double Ended DOT-Compliant Sample Cylinder, 1/4 in. 
FNPT, 300 cm3, 1800 psig (124 bar) 316L-HDF4-300 1 

Pressure Release Valve Stainless Steel High Pressure Proportional Relief Valve, 1/4 in. Swagelok 
Tube Fitting, Buna N Seal SS-4R3A-BU 1 

Pressure Relief Valve 
Control 

Brown Spring Kit for R3A Series Proportional Relief Valve, 2250 to 3000 psig 
(155 to 206 bar) 177-R3A-K1-E 1 

End Cap 316 Stainless Steel Cap for 1/8 in. OD Tubing  SS-200-C 1 

Connection Size Reducer Stainless Steel Swagelok Tube Fitting, Reducing Port Connector, 1/4 in. x 1/8 
in. Tube OD SS-401-PC-2 2 

Connector  316 SS Nut and Ferrule Set (1 Nut/1 Front Ferrule/1 Back Ferrule) for 1/8 in. 
Tube Fitting SS-200-NFSET 15 

Tubing 316/316L Stainless Steel Seamless Tubing, 1/8 in. OD x 0.028 in. Wall x 20 Feet SS-T2-S-028-20 1 

Table 11 – List of Swagelok parts, specification and product codes, required to construct experimental batch reactor cells. 

 

All experimental equipment was soaked in a sonic bath with Mucasol™ alkaline 

laboratory detergent and rinsed three times with deionized (DI) water before drying in an 

oven overnight prior to set up. In between experiments all parts were deconstructed, 

rinsed for debris and then sonicated until visually clean. The control vessel was rotated 

after each experiment to ensure effectiveness of the cleaning process and fluids sampled 

from control vessels showed very little contamination from previous experiments (Figure 

13). The highest concentration of any element measured in a control experiment was 0.76 

mg/L potassium in the initial control, however subsequent control fluids showed 

concentrations below those measured in unreacted distilled water. Generally, the control 

experiments showed that the cleaning process was effective and minimal variation was 

detected from the composition of unreacted distilled water. Largest variations in 
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concentration with reference to distilled water were observed in calcium, potassium, 

magnesium, sodium, iron and lead. No chromium, nickel, or molybdenum was detected 

indicating the stainless steel batch reactors remained chemically stable throughout 

experiments. 

 

 

Figure 13 – Concentration of elements measured in control experiments normalised to composition of distilled water (red reference line). 

Bracketed number in legend refers to experimental order. 

 

Evaluating the Effect of Particle Size, and Temporal Sub-Sampling 

Initially, the effects of particle size were tested in the batch reactors. The first experiment 

compared the reaction between 1 mm KC shale chips with KC shale powder. 

Subsequently, the ability to sub sample from the experiments was trialled; a closed batch 

reaction was compared with one that was sub-sampled after 24 hours. Sub-sampling 

during the experiments was largely unsuccessful due to the mixture of shale powder and 
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fluid clogging the sampling tap and preventing flow. The amount of fluid able to be 

sampled from both SF1 experiments was not sufficient for obtaining analytical results. 

Despite issues with sub-sampling from the RPT equipment, the vessels were used to 

conduct three rounds of experiments at reservoir pressures and temperatures with 

distilled mains water and three difference shale samples (MS, BS1, KC). 

For each experiment, 15.0 ± 0.1 g of shale was weighed using a Cole Palmer Symmetry 

ED-1200 portable balance. The shale was transferred into a glass beaker where it was 

mixed with 285 ml of distilled water until homogenised and poured into an upstanding 

batch reaction vessel (Figure 15). Once filled, the batch reactor is sealed with the check 

valve and on/off flow tap and attached to a Varian 2510 HPLC Fluid Pump. The pump 

was run at a flow rate of 0.1ml/min until the pressure on the attached Additel ADT 680 

Pressure Gauge read 1500 ± 25 psi (103 bar), at which point the reactor is sealed using 

the on/off flow tap and disconnected from the pump. The ends of the vessel are sealed 

off with cap pieces and placed in a Memmert UNB500 oven at 65.0 ± 0.1 °C (Figure 15). 

All glassware and plastic used was cleaned in 10% HNO3, rinsed with DI three times and 

dried in an oven overnight prior to use. 

For sub-sampling the sample tap at the base of the upstanding reaction vessel was opened 

into a borosilicate glass collection beaker. During sampling the pressure was released from 

the system, so after sampling the pump was used to re-pressurise the vessel using the 

same method as during experimental set up. For final sampling the reaction vessel was 

detached from the pressure release valve and the contents poured out into screw-cap 15 

ml Fisherbrand conical polypropylene centrifuge tubes. 
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Figure 14 – experimental batch reactor attached to fluid pump and pressure gauge – ready for pressurisation. 

 

 

Figure 15 –  shale and fluid mixture ready for filling batch reactor (left) and filled and pressurised batch reactors in the oven for heating 

(right). 

 

10.4.1.2 Ambient Pressure and Temperature Experiments (SF2 ) 

Stainless steel corrodes in contact with HCl, the acid permitted for use in UK fracturing 

fluids. Therefore, a set of experiments were conducted at ambient pressure and 

temperature to compare with the pressurised and heated batch reactions in the stainless 

steel equipment. 
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With the aim of developing a method of conducting experiments using dilute HCl additive 

without degrading the stainless steel batch reactors, these experiments were carried out in 

50 ml Staestedt polypropylene conical screw-cap vials (Figure 16). First, experiments were 

run without any HCl additive to determine comparability to elevated temperature and 

pressure experiments. The same shale–fluid ratio (1:20) was used in all experiments to 

allow for comparative results across experiments despite the difference in scale.  

For each experiment, 2.5 ± 0.1 g of powdered shale (MS, KC, PH3, PH4, PH6) was 

weighed into each vial and mixed with 50 ml distilled water. Samples were sealed with a 

screw-cap and agitated vigorously before being stored in ambient temperature and 

pressure conditions for 28 days.  

Vials were cleaned in a 10% HNO3 bath, rinsed three times with DI and left to dry in an 

oven overnight before use. 

 

 

Figure 16 –  50ml Staestedt polypropylene conical screw-cap vials filled with 2.5g powdered (<50!m) shale and 50ml distilled water 
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10.4.1.3 Ambient Pressure and Reservoir Temperature Experiments (SF3- 5) 

Within the budgetary and time constraints of this PhD, it was unfeasible to reconstruct 

the RPT batch reaction pressure vessels to be capable of conducting experiments with 

acidic fluids such as dilute HCl, by coating them or rebuilding them from inert gold parts. 

Instead, these experiments were carried out in polypropylene (PP) conical screw-cap vials, 

and then later in Quickfit conical flat-bottomed glass flasks. PP vials were sufficient for 

conducting experiments at ambient pressure and temperature however under prolonged 

heated conditions the seals would warp and allow air exchange outside the reaction vessel 

– compromising the closed nature of the batch reaction system. Qucikfit® glassware is 

made of borosilicate heat resistant glass with ground glass joint connection systems, 

allowing for a sealed closed system batch reaction at elevated temperatures. 

Experiments were conducted with both 0.125% and 10% HCl, mimicking the 

concertation of HCl permitted for hydraulic fracturing at Preese Hall in 2011 (UK 

Department of Energy and Climate Change, 2014), and the maximum permissible 

concentration allowed at Preston New Road in 2018 (The Environment Agency, 2014). 
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10.5 Summary of Experimental Work 

 

A total of 24 experiments were conducted and experimental conditions are summarised 

in Table 12. These consisted of –  

 

SAMPLED FLUID EXPERIMENT DETAILS 

SF1 3 batch reactions at reservoir temperatures and pressures (RPT) with 

distilled water containing no additives 

SF2 5 batch reactions at ambient temperature and pressure (APT) with 

distilled water containing no additives  

SF3 7 batch reactions at reservoir temperature and ambient pressure (APRT) 

with distilled water containing no additives 

SF4-5 9 batch reactions at reservoir temperature and ambient pressure (APRT) 

- with varying concentrations of HCl additive (0.125 – 10%) 

 

 
 
 



 90 

Shale Sample(s) Fluid Batch Reactor Vessel Temperature 
(± 0.1°C) 

Pressure  
(psi) 

Duration  
(days) 

Agitation  
(days since start)  ratio 

Shale–Fluid 
Diluted after 
sampling?  

KC-EB Distilled water 300 cm3 stainless steel 
pressure cylinder 65 oC 1515 - 1516 ± 25 21 0, 5, 12, 19, 24 1:20 N 

MS Distilled water 300 cm3 stainless steel 
pressure cylinder 65 oC 1542 - 1620 ± 25 28 0, 7, 14, 21 1:20 N 

BS [PH1] Distilled water 300 cm3 stainless steel 
pressure cylinder 65 oC 1500 ± 25 28 0, 7, 14, 21 1:20 N 

PH3, PH4, PH6, MS, KC Distilled water 50 ml PP screw-top vials ~20 oC 14.7* 28, 49 0, 28 1:20 Y (28) 

PH2, PH3, PH4, PH5, 
PH6, MS, KC Distilled water 50 ml PP screw-top vials† 65 oC 14.7* 28 0, 7, 14, 21 1:20 N 

PH2, MS, KC Distilled water + 
0.125% HCl 

50 ml Quickfit glass flat-
bottom flask 65 oC 14.7* 29, 56, 157, 189 Initial, then after 

sampling 1:20 Y (29, 56) 

PH2, MS, KC Distilled water  + 
10% HCl 

50 ml Quickfit glass flat-
bottom flask 65 oC 14.7* 28, 160, 161 Initial, then after 

sampling 1:20 Y (28) 

BS-U, BS-L, MS-C Distilled water + 
10% HCl 

50 ml Quickfit glass flat-
bottom flask 65 oC 14.7* 31, 40 Initial 1:20 N 

Table 12 – Details of experimental conditions. †Experiments were exposed to oxidizing conditions and fluid loss through evaporation due to poor experimental seal. *Atmospheric pressure = 14.7psi. 
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10.6 Evaluation of Method  

 

10.6.1 Design Improvements 

Experimental method was iteratively improved within the constraints of the research 

budget and time available. However, some improvements that would advance this work 

are described here: 

• Design of a pressurised batch reactor cylinder inert to fluids with complex 

chemistry including HCl, biocides, acrylamides, and other fracturing fluid 

additives 

• Achieve temporal sub-sampling success through design improvements. 

Difficulty in obtaining experimental vessels inert to HCl additive that were sealable during 

prolonged heating delayed experimental progress significantly. 

 

10.6.2 Shale Samples 

With the aim of replicating hydro-geo-chemical conditions during hydraulic fracturing, 

shale samples should be taken wherever possible from drillcore, within the prospective 

horizon to be fractured. Samples obtained from surface exposures are much less likely to 

reflect downhole conditions due to weathering and surface alteration. Both drillcore and 

surface exposure samples were compared in experiments in this study to determine the 

difference. Where possible core samples were cut from the centre of the cored section 

(far from the cored edge) to avoid contamination with drilling or other well fluids used in 

the coring process. Due to limited sample availability for the shales of interest, the ideal 

sampling conditions (as described above) were not always possible. 
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10.6.3 Experimental Fluids 

Although distilled water is the base fluid used in experiments, the proposed base fluid for 

hydraulic fracturing in the UK is local mains water, or even groundwater if the correct 

abstraction permits apply (UK Department of Energy and Climate Change, 2014). As 

distillation removes minerals, bacteria, and chemicals from the water, it is likely that the 

base fluid utilised in operations will contain a greater number and concentration of 

components affecting the chemistry of fluids returned. Distilled water was chosen for its 

purity, so even trace amounts of contaminants released during reactions could be detected 

above a relatively low ‘background’ fluid. Additionally, at depth in the sub surface, shales 

contain inherent formation water and pore fluids not present in any of the samples utilised 

for these experiments due to drying out during storage at the surface. Both the lack of 

pore and formation water, and the use of distilled water as a base fluid, affects the 

comparability of experimental results with field data. 

 

10.6.4 Oxidising Conditions  

Experiments conducted in polypropylene screw top vials at reservoir temperatures (SF2 

& SF3) were exposed to more oxygen rich environments due to poor sealing of the screw 

top closure. This allowed air to freely enter the reaction vessel and oxidise the atmosphere 

inside. Some evaporation of the experimental fluid was observed during the course of 

these experiments - skewing the concentration of analytical results in comparison to other 

experiments where no fluid loss occurred. Whilst fluids injected for fracturing are likely 

to be slightly oxygenated, it is unlikely that there will be free exchange of oxygen 

throughout the system. Therefore, the close-system batch reactions (SF4 & SF5) with no 

atmospheric exchange are more likely to represent the hydro-geo-chemical sub-surface 

conditions. 
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10.7 Summary 

 

Overall, the aim of the experiments conducted was to replicate the hydro-geo-chemical 

interaction taking place in the sub-surface between freshly fractured shale rocks and 

injected hydraulic fracturing fluids. Despite some of the noted limitations to our 

experimental methods, confidence in the experimental results is high. These experiments 

indicate what, if any, contaminants of concern can be mobilised during hydraulic 

fracturing with limited to no chemical additives. This helps to build a picture of the source 

of contaminants of concern in fluid produced at the surface following fracturing, and can 

help us to rule out the rock as a source of many of these. If the contaminants are not 

mobilised during these experiments then their source can be determined to be outside the 

rock/water system. 
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11 Analytical Methods 

 

To understand the changes taking place during batch reaction experiments, detailed 

geochemical characterisation of the shale sample material was carried out. Mineralogy was 

determined by X-Ray Diffraction, elemental composition was analysed by X-Ray 

Fluorescence, carbon content (both organic and inorganic) was analysed, thin sections 

were examined under the electron and optical microscope, and full acid digestions of rock 

samples was undertaken to characterise complete elemental composition by Inductively 

Coupled Plasma Optical Emissions Spectroscopy (ICP-OES).  

Additionally, pre- and post- experimental fluids were analysed using ICP-OES for 

dissolved elemental concentrations, and by Ion Chromatography for concentration of 

cations. Temperature and pH of fluids was measured on sampling.  
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11.1 Shale Characterisation 

 

11.1.1 X-Ray Diffraction (XRD) 

Mineralogy of rock samples was characterised using X-Ray Diffraction (XRD), carried 

out within the X-Ray Laboratories of the School of Geoscience, University of Edinburgh 

with the assistance of Dr Nicholas Odling. 

XRD is an analytical technique that utilises the diffractive properties of crystalline 

minerals to quantify the mineral content of a rock sample to 1 wt.% accuracy. 

Rock samples were cut to remove outer oxidised surfaces, crushed in a dodge jaw crusher 

to ~1 mm chips, and then ground using a tungsten carbide rock milling unit.  

Samples were given a final grinding using an agate mortar and pestle and acetone to ensure 

adequate particle size for analysis before being mixed with a gelling agent and pressed into 

powder pellets. 

Pressed powder pellets were loaded into a Bruker D8 Advance x-ray diffractometer. 

Sample identification was performed in Bruker EVA 3.0 and Rietveld analysis in TOPAS 

3.0. Final data was obtained in the form of percentage abundance of each mineral phase 

detected, with a detection limit of 1 wt.% for crystalline phases.  

The precision of the x-ray diffraction technique is a measure of the reproducibility of the 

results. This is affected by both the instrumental precision and the heterogeneity of the 

sample. Instrumental precision is determined during the Reitveld analysis and reported 

alongside individual measurements in Section 12.1.1.  
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11.1.2 X-Ray Fluorescence (XRF) 

Rock samples were characterised by XRF to determine their major and trace elemental 

composition. Analysis was carried out within the X-Ray Laboratories of the School of 

Geoscience, University of Edinburgh with the assistance of Dr Nicholas Odling. 

Crushed and milled samples were weighed to 1.0 ± 0.1 g in platinum crucibles. These 

were placed in a 450 °C oven overnight to ignite organic material within the sample. The 

crucible weight before and after ignition was recorded to determine organic content by 

loss-on-ignition, see Total Organic Content by Loss on Ignition (TOC) for further detail. 

Spectroflux 105 – a mix of Li-borate, Li-carbonate and La-oxide – was added 

proportionally to each sample (five times the weight of each sample) to act as a kind of 

internal standard (heavy absorber). Each sample was heated in a 1100 °C furnace until 

molten before being well agitated to ensure homogenisation of the sample and flux 

mixture. The mixture was transferred into a mould and cooled to a single fusion bead or 

glass disc. This process homogenises the material within the sample in a crystalline form 

which reduces matrix effects during XRF analysis & combats the effects of sample 

heterogeneity (Nakayama and Wagatsuma, 2017). 

The precision of XRF is a function of the reproducibility of measurements which relates 

to both the instrumental precision and the sample heterogeneity. The precision of major 

elemental analysis by XRF is less susceptible to sample heterogeneity than the 

measurement of trace elements. Typical instrument reproducibility and accuracy of the 

XRF analytical method are outlined in Table 13.   
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                              Instrument Reproducibility Sample Reproducibility 

Major Elements 

(wt.%) 

Mean (n=5) s Mean (n=5) s Accuracy 

(rsmd) 

SiO2  39.42 0.03 33.39 0.06 0.22 

Al2O3 11.33  0.02 11.33 0.05 0.12 

Fe2O3 14.30 0.02 14.27 0.05 0.05 

MgO 13.26 0.03 13.24 0.06 0.08 

CaO 12.76 0.01 12.75 0.06 0.05 

Na2O 3.68 0.03 3.64 0.10 0.06 

K2O 1.151  0.007 1.149 0.005 0.02 

TiO2 2.454 0.009 2.450 0.013 0.01 

MnO 0.215 0.002 0.216 0.003 0.01 

P2O5 0.932 0.003 0.941 0.023 0.01 

Total 99.51 0.08 99.42 0.14  

Trace Elements 

(ppm) 

Mean (n=5) s Mean (n=5) s Accuracy 

(rsmd) 

Nb 52.4 0.6 52.6 0.4 2.4 

Zr 166.7 0.9 166.9 1.0 14.8 

Y 29.3 30.3 29.1 0.3 3.4 

Sr 1070 2.1 1070.0 2.9 9.6 

Rb 30.4 0.4 30.4 0.4 3.5 

Zn 123.4 0.7 123.3 0.8 5.0 

Cu 84.6 1.1 84.7 0.9 5.3 

Ni 310.3 2.6 310.6 2.6 4.3 

Cr 488.4 2.1 487.7 1.1 11.0 

V 300.3 2.3 300.4 2.8 11.5 

Ba 745.8 9.3 746.4 6.7 39.0 

Sc 29.7 0.9 29.2 1.5 2.4 

Table 13 - Typical reproducibility and accuracy data for XRF analytical method (Major and Trace elements). Accuracy was quantified by 

root mean square deviations (rmsd) expressed in wt.% or ppm of the calibration data about the regression line (N. Odling, pers comms). 
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11.1.3 Total Organic Content by Loss on Ignition (TOC) 

During sample preparation for XRF, powdered samples undergo ignition in an oven at 

450 °C overnight (>8 hours) to remove organic matter before preparation into a glass 

bead. Equation 5 illustrates the method for calculating the percentage loss on ignition. 

This method has been used to quantify organic carbon in powdered rock and soil samples 

(De Vos et al., 2005; Wood, 2015). There remains some question as to it’s application as 

a quantitative analytical method due to interference with other volatile losses during 

ignition (Santisteban et al., 2014), but can at least be utilised as a tool to provide qualitative 

organic carbon content. 

 

 LOI(%)= !wu-wi
ws

" *100 5 

Where; 

wu = weight of the unignited crucible and sample 

wi = weight of the ignited crucible and sample 

ws = weight of the sample (wu – wcrucible). 

 

Analysing rocks or soils for total organic carbon (TOC) by ‘Loss-On-Ignition’ (LOI) is 

limited by the potential to overestimate organic carbon due to incomplete combustion of 

organic matter, the loss of structural water from clay minerals, or CO2 release from 

carbonates (De Vos et al., 2005; Hoogsteen, 2015). CO2 release from carbonate minerals 

can be assumed to remain negligible at ignition temperatures of 500 °C or less (450 °C 

for this method). And a clay correction factor can be applied to account for the loss of 

mass from structural water (Equation 6) after Jensen et al. (2018). This correction 

essentially accounts for a decrease in the effect of clay with increasing clay content and 

was developed using the TOC/LOI relationship between two independent sets of 

samples, which was successfully corroborated against a third set of samples not used to 
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calculate the correction factor. Other factors, such as the one proposed by De Vos et al. 

(2005) or the common conversion factor of 0.58 are now believed to be inaccurate 

following the work of Jensen et al. (2018). Minerals loose most of their structural water 

above 450 °C and therefore the LOI method of TOC estimation at 450 °C tends to 

overestimate the organic content without this correction. 

 

 TOC =0.513.LOI	-	(0.047.Clay	-	0.00025.Clay2) 6 

 

 

11.1.4 Total Inorganic Carbon by Coulometer (TIC) 

The Total Inorganic Carbon (TIC) content of a select subset of shale samples was 

measured using a CM5012 CO2 Coulometer. Assistance and training was provided by Dr 

Clare Peters. 

Samples were weighed to 80 ± 5 mg into glass sample boats using the Sartorius BP221S 

Balance. Samples were placed into glass test tubes and fitted with plastic attachments for 

connection to the Coulometer. Once a seal has been established the system is purged of 

atmospheric CO2 for 3 minutes. Using the built-in pump unit, 5 ml of 2N perchloric acid 

is added to the sample tube and the ‘reset’ button is pushed to start analysis. As the sample 

reacts with the perchloric acid it gives off CO2 which passes through a KOH and a KI 

scrubber to remove common interferent gases before reaching the analytical module.  

The analytical module of the coulometer contains a mixture of ethanol amine and a 

colorimetric indicator solution. CO2 released reacts with the ethanol amine to form a 

titratable acid; changing the colour of the indicator solution. An electrically driven titration 

unit generates a base to return the solution to its original colour in between samples.  
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The sample tube is manually inserted into the heating unit and the analysis runs for 10 

minutes to allow all of the CO2 released from the sample to evolve and titrate.  

The instrument continually displays the cumulative amount of Carbon in µg detected, 

after 10 minutes this value is sufficiently stable and can be recorded.  

Data was converted from cumulative TIC to TIC(%) using Equation 7. 

 

 TIC(%)= TICcumulative-TICblank
Masssample

 7 

 

 

11.1.5 Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS) 

Slices of whole rock (BS1, BS2, BS3, BS6) were made into thin sections and carbon 

coated. These sections were analysed on a Zeiss Sigma HD Field Emission Scanning 

Electron Microscope (SEM) to view detailed textural and compositional information 

about each sample (down to 1 µm). Energy Dispersive Spectroscopy (EDS) was used to 

determine and map elemental distribution of sections. Oxford Instruments Aztec 

software was used to interpret and analyse data obtained by the EDS. Operating voltage, 

detector used, and visual scale can be found on the information bar at the base of each 

SEM image. Training and assistance was provided by Dr John Craven. 

 

11.1.6 Whole Rock Digestion for Trace Component Analysis 

A select number of shale samples were analysed by full acid digestion to detect trace 

components otherwise undetected in analysis by XRD and XRF. Training and assistance 

was provided by Dr Laetitia Pichevin and Steve Mowbray. 

16 samples were weighed to 25 ± 5 mg in Teflon vials. A replicate set of three samples 

(3x BSU), two internal standards (PACS and SGR) and two blanks (Yttrium spike, no 
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sample) were also prepared. 3 ml of HNO3, 2 ml HCl, and 0.5 ml HF was added to the 

vials and after a few minutes of settling time lids were placed on the samples before 

moving to the hotplate (100 °C) for storage overnight (>8 hours). After this initial 

digestion, a noticeable amount of refractory organic matter remained undissolved in the 

samples and so an additional digestion of this material was required.  Samples were 

evaporated on the hotplate to remove HF and 50 µl perchloric acid was added to the vials. 

These were enclosed again and left on the hotplate for another few hours before a final 

evaporation. 5 ml of 1M HNO3 was added to the vials for the final step of the digestion 

on the hotplate before diluting with 2% HNO3 for analyses by ICP-OES. This process is 

summarised step by step in Figure 17.  

 

 

Figure 17 – Step by step method for full acid ROCK digestions 

Replicate analyses of the BS-U sample were conducted to determine instrumental and 

procedural precision during digestion and measurement on ICP-OES. Greater absolute 

error occurred when absolute concentration is greater, however relative error was greater 

Digestion Step 1 

1. 25 ± 5 mg sample weighed into Teflon vial 

2. Add 3 ml HNO3, 2 ml HCl, 0.5 ml HF 

3. Store at 100 °C, >8 hours, enclosed  

Digestion Step 2 (dissolution of organic matter) 

4. Evaporate HF, at 100 °C, open 

5. Add 50 µl perchloric acid 

6. Store at 100 °C, 2-4 hours, enclosed 

Digestion Step 3 

7. Add 5 ml 1M HNO3 

8. Store at 100 °C, >8 hours, enclosed 
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at smaller concentrations (Figure 20). The instrumental error ranged from 0.10% to  

0.56%. For every element measured for, except Li, the coefficient of variation was within 

0.10-0.20% (Figure 20). 

The analysis of standard reference material (SRM) PACS-2 and SGR in comparison with 

measured concentrations determines instrumental accuracy. All of the elements within 

the SGR standard were measured within their certified error except for Li (Figure 18). 

Generally, concentrations were consistently underestimated with respect to the reference 

material. In comparison with the PACS-2 reference material, concentrations were also 

consistently underestimated, perhaps indicating a systematic underestimation of 

concentrations by this method. Four elements in PACS-2 were underestimated with 

respect to the SRM concentration; S, Cr, Pb, and Cu (Figure 19).  

 

 

Figure 18 – Scatterplot comparing the measured concentrations with the certified reference values for SGR-1b SRM. 
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Figure 19 – Scatterplot comparing the measured concentrations with the certified reference values for PACS-2 SRM. 

 

 

Figure 20 – Standard deviation as percentage of the mean, plotted against absolute measured concentration. The percentage deviation is 

greater when concentrations are less. 
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11.2 Experimental Fluid Characterisation 

 

11.2.1 pH and Temperature 

The pH and temperature of sampled experimental fluids was measured using a Hanna HI 

2210 Benchtop pH Meter with an accuracy of ± 0.1 pH and ± 0.5 oC. The resolution, or 

limit of detection, of the meter was 0.01 pH and 0.1 oC. To ensure the pH of fluids 

measured at different temperature are comparable, measured values are automatically 

compensated for the effects of temperature using ATC (Automatic Temperature 

Compensation) built into the meter functionality. This means that pH values measured 

using the meter’s temperature probe are directly comparable regardless of the temperature 

of fluid at the time of measurement. 

pH and temperature were only measured in SF1 fluids as for other experiments there was 

not enough fluid to set some aside for pH measurement. During pH measurement the 

insertion of the probe would contaminate the samples before they had been analysed on 

the ICP-OES leading to inaccurate results. Estimation of the precision of pH and 

temperature measurement was limited by the fluid sample volume (preventing 

simultaneous replicate measurements) and the constant change in temperature and pH of 

samples with time (preventing comparability of sequential replicate measurements). 

 

11.2.2 Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES) 

Fluid samples collected from hydro-geo-chemical reaction experiments were analysed 

using ICP-OES in the Grant Institute of the School of Geosciences at the University of 

Edinburgh.  Training and assistance was provided by Dr Alex Thomas, and Dr Laetitia 

Pichevin. Four analytical runs were completed in (1) February 2017, (2) September 2017, 

(3) April 2018 and (4a & b) July 2018. Analytical runs 1 and 2 were repeated in run 3 due 
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to suspected contamination and inconsistencies found in original data processing. Final 

data analysed in this thesis is taken from runs 3 & 4. A list of fluid samples collected and 

corresponding ICP-OES order of analysis is summarised in Table 15. 

 

The suite of elements analysed for were chosen for their applicability to shale gas 

operations, for their environmental implications, for their complex management 

requirements, for their ability to convey information about water rock reactions taking 

place, and for their ability to be measured effectively on the ICP-OES. To determine 

which elements to analyse for elements of interest to shale gas operations from existing 

literature were considered, then elements which have been studied in other similar 

experiments, and finally any other components of interest such as potential tracer 

elements were added. This was then correlated with the availability and interference of 

analytical determinands on the ICP-OES to determine the final analyte list (Table 16 & 

Table 17). 

 

11.2.2.1 Sample Preparation & Storage 

Fluid samples were collected into laboratory glassware and  filtered to 0.45 µm using BD 

Plastipak polypropylene syringes and MILLEX MF-Millipore MCE Membrane filter 

units. Samples were acidified to 2% with HNO3 and stored in screw-cap 15 ml 

Fisherbrand conical polypropylene centrifuge tubes and refrigerated at 4 °C. 

 

11.2.2.2 Instrument Specification & Operation 

Elemental concentrations of each sample were measured using a Varian Vista Pro ICP-

OES (Inductively Coupled Plasma – Optical Emission Spectroscopy). Aliquots of 3 ml 

were pipetted into an auto sampling rack. Each sample is individually drawn into the 

instrument and dispersed across an argon plasma beam. The interaction of the sample 
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with the plasma excites atoms in the sample, producing characteristic electromagnetic 

radiation at diagnostic wavelengths for each element present. The intensity and 

wavelength of emitted radiation is measured and analysed to determine elemental 

concentrations down to µg/l (ppb) concentration. 

For any single element, multiple wavelengths were analysed to account for different 

sensitivities and interferences between elements present at similar wavelengths. Across all 

four runs a range of wavelengths were analysed for resulting in a variety of concentrations 

associated with different wavelengths. Where possible, the wavelengths set out by US 

EPA Standard Method 200.7 for analysing metals in wastewater (Martin et al., 1994) were 

chosen, and where not possible the next appropriate wavelength was used. For Ca analysis 

a combination of wavelengths 315.880 and 616.216 were used because a single wavelength 

was not successful across both analysis runs.  

ICP-OES instrumentation can be negatively affected by samples containing very high 

concentrations of dissolved solids. If the salinity of a sample is expected to be higher than 

300,000 ppm it is good practice to dilute samples to protect the instrumentation and auto-

sampler from build-up which can impact quantification.  Following dilution, the 

concentrations measured can be re-adjusted to give accurate quantification for un-diluted 

fluids. In all four analytical runs, no sample dilution was required as all determinands were 

within the limits of calibration of the standards prepared, and contained relatively low 

TDS (max 6000 ppm).  

A record of any instrumental or analytical issues encountered during analysis are detailed 

in the ‘Status’ column of Table 16. Where issues were encountered during analysis 

resulting in an unreliable result, the data were not reported in the results section.  
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11.2.2.3 Procedural Blanks & Internal Standards 

A minimum of three procedural blanks were analysed per run. All samples (and blanks) 

were spiked with 20 µl of Yttrium as an internal standard and to account for matrix effects. 

Matrix effects are incurred when there are differences between the matrices of samples 

and blanks. Internal standards are the most common method of countering these effects 

and are reliable and relatively quick – any matrix effects can be quickly realised when the 

internal standard concentration is not what expected. Internal standards improve the 

analytical accuracy of the ICP-OES method as the difference between the measured 

concentration and the known concentration can highlight any discrepancies.  

 

11.2.2.4 Instrument Calibration  & Accuracy  

Instrument calibration was performed against a custom made multi-element standard 

composed of 100 µl Merck IV multi-element ICP standard containing 1000 ppm Ag, Al, 

B, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, In, K, Li, Mg, Mn, Na, Ni, Pb, Sr, Tl, Zn, and 100 

µl each of 1000 ppm Mo, 1000 ppm As, and 1000 ppm U Fisherbrand single-element ICP 

standards in a matrix of 2% HNO3. Instrumental accuracy was maintained by analysing 

the concentrations of known multi element standards for each run.  

 

11.2.2.5 Precision  

Three replicate blank reagent sample analyses were conducted to determine precision of 

the ICP-OES method (%RSD). The RSD ranged from 2.0 – 27.4% but for most (16 out 

of 20) analytes was below 10%, and for all except Cu was below 20% (Table 14).  
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 RSD %  RSD % 
Al 11.8 Li 4.7 
As 5.4 Mg 10.9 
B 2.2 Mn 2.4 
Ba 2.3 Mo 4.5 
Ca 3.2 Na 4.0 
Co 3.2 Ni 4.1 
Cr 9.0 Pb 7.5 
Cu 27.4 S 8.8 
Fe 19.3 Sr 6.2 
K 2.0 Zn 3.5 

Table 14 - Relative standard deviation (RSD) for three blank reagent samples analysed on ICPOES to determine method precision for each 

analyte. 

 

 

  ICP-OES Run # 

# Sample 
code 1 2 3 4 # Sample code 1 2 3 4 

1 DI     25 PH6_TO     
2 KC1.1     26 MS_TO     
3 KC2.1     27 KC_TO     
4 KC3.1     28 PH2_0.125HCl(28)     
5 MS1.2     29 MS_0.125HCl(28)     
6 MS2.2     30 KC_0.125HCl(28)     
7 MS3.2     31 PH2_0.125HCl(56)     
8 BS1.3     32 MS_0.125HCl(56)     
9 BS2.3     33 KC_0.125HCl(56)     
10 BS3.3     34 PH2_0.125HCl(157)     
11 PH3_A4     35 MS_0.125HCl(157)     
12 PH4_A4     36 KC_0.125HCl(157)     
13 PH6_A4     37 PH2_0.125HCl(189)     
14 MS_A4     38 MS_0.125HCl(189)     
15 KC_A4     39 KC_0.125HCl(189)     
16 PH3_A7     40 PH2_10HCl(28)     
17 PH4_A7     41 KC_10HCl(28)     
18 PH6_A7     42 MS_core(31)     
19 MS_A7     43 BS_upper(31)     
20 KC_A7     44 BS_lower(31)     
21 PH2_TO     45 MS_core(40)     
22 PH3_TO     46 BS_upper(40)     
23 PH4_TO     47 BS_lower(40)     
24 PH5_TO     

Table 15 – Complete list of fluid samples collected from experiment – denoting which ICP-OES analytical run each were analysed on. 

 



 110 

Run 1 
 

Status Run 2 Status Run 3 Status Run 4a & (4b) Status 

Al 396.152 ✓ Al 308.215 ✓ Al 396.152 ✓ Ag 328.068 ✓ 

As 188.980 ✓ Al 396.152 ✓ As 188.980 ✓ Al 237.312 ✓ 

As 193.696 ✓ As 188.980 ✓ As 193.696 ✓ As 193.696 ✓ 

B 249.678 ✓ As 193.696 ✓ B 249.678 ✓ Ba 493.408 ✓ 

Ba 455.403 ✓ B 249.678 ✓ Ba 455.403 ✓ Be 313.042 problem 

Ba 493.408 ✓ Ba 455.403 ✓ Ba 493.408 ✓ Ca 315.887 ✓ 

Ca 393.366 interference Ba 493.408 ✓ Ca 317.933 ✓ Ca 317.933 ✓ 

Ca 396.847 ✓ Ca 393.366 ✓ Ca 616.217 ✓ Cd 226.502 ✓ 

Co 228.615 ✓ Ca 396.847 problem Co 228.615 ✓ Co 228.615 ✓ 

Co 238.892 ✓ Ca 422.673 ✓ Co 238.892 ✓ Cr 267.716 ✓ 

Cr 205.560 ✓ Ca 616.217 ✓ Cr 205.560 ✓ Cu 327.395 ✓ 

Cr 267.716 ✓ Cr 205.560 ✓ Cr 267.716 ✓ Fe 259.940 ✓ 

Cu 327.395 ✓ Cr 267.716 ✓ Cu 327.395 ✓ Hg 184.887 ✓ 

Cu 327.395 ✓ Cu 327.395 ✓ Cu 327.395 ✓ Hg 194.164 ✓ 

Fe 238.204 ✓ Cu 327.395 ✓ Fe 238.204 ✓ K 766.491 ✓ 

Fe 259.940 ✓ Fe 238.204 ✓ Fe 259.940 ✓ Li 610.365 ✓ 

K 766.491 ✓ Fe 259.940 ✓ K 766.491 ✓ Mg 279.800 ✓ 

Li 610.365 ✓ K 766.491 ✓ Li 610.365 ✓ Mn 260.568 ✓ 

Mg 279.800 ✓ K 769.897 ✓ Mg 279.800 ✓ Mn 294.921 ✓ 

Mg 383.829 ✓ Li 610.365 ✓ Mg 383.829 ✓ Mo 202.032 ✓ 

Mn 260.568 ✓ Mg 279.800 ✓ Mn 260.568 ✓ Na 588.995 ✓ 

Mn 294.921 ✓ Mg 383.829 ✓ Mn 294.921 ✓ Ni 231.604 ✓ 

Mo 204.598 ✓ Mn 260.568 ✓ Mo 204.598 ✓ P 213.618 ✓ 

Na 568.821 ✓ Mn 294.921 ✓ Na 568.821 ✓ Pb 220.353 ✓ 

Ni 216.555 ✓ Mo 204.598 ✓ Ni 216.555 ✓ S 181.972 ✓ 

Ni 231.604 ✓ Mo 204.598 ✓ Ni 231.604 ✓ S 182.562 ✓ 

Pb 220.353 ✓ Na 568.821 ✓ Pb 220.353 ✓ Sn 189.927 ✓ 

Pb 405.781 ✓ Na 588.995 ✓ Pb 405.781 ✓ Sr 421.552 ✓ 

S 181.972 ✓ Ni 216.555 ✓ S 180.669 ✓ Sr 460.733 ✓ 

S 189.965 bad calibration Ni 231.604 ✓ S 181.972 ✓ Ti 334.941 ✓ 

Sr 421.552 ✓ Pb 220.353 ✓ S 182.562 ✓ Ti 336.122 ✓ 

Sr 460.733 ✓ Pb 405.781 ✓ S 189.965 ✓ Ti 337.280 ✓ 

U 367.007 interference Pb 405.781 ✓ Si 250.690 ✓ V 292.401 ✓ 

U 385.957 interference S 181.972 ?? Si 251.611 ✓ Zn 202.548 ✓ 

Y 360.074 ✓ S 189.965 uncalibrated Si 288.158 ✓ Zn 213.857 ✓ 

Y 371.029 ✓ Sc 335.372 ✓ Sr 421.552 ✓ B 182.577 ✓ 

Zn 202.548 ✓ Sc 361.383 ✓ Sr 460.733 ✓ B 249.678 ✓ 

Zn 213.857 ✓ Si 250.690 ✓ U 367.007 interference B 249.772 ✓ 

  Si 251.611 ✓ U 385.957 interference Ca 315.887 ✓ 

  Si 288.158 ✓ Zn 202.548 ✓ Ca 317.933 ✓ 

  Sr 421.552 ✓ Zn 213.857 ✓ Fe 238.204 ✓ 

  Sr 460.733 ✓  ✓ Fe 259.940 ✓ 

  U 367.007 interference   K 766.491 ✓ 

  U 385.957 interference   Mg 279.800 ✓ 

  Zn 202.548 ✓   Mn 260.568 ✓ 

  Zn 213.857 ✓   Mn 294.921 ✓ 



 
 

111 

      Na 588.995 ✓ 

      Na 589.592 ✓ 

      P 213.618 ✓ 

      S 181.972 ✓ 

      S 182.562 ✓ 

 

Table 16 – List of analytes and wavelengths measured in each run of ICP-OES analysis. The ‘Status’ column provides details of any issues 

encountered during the analytical procedure rendering data unusable. 

 

 

11.2.2.6 Instrumental Limits of Detection 

Instrumental limits of detection were calculated for each wavelength using equation 8 & 

are detailed in Table 17. 

 LOD=3σ*y 8 

Where; 

σ = standard deviation of blank 

y = calibration slope 

 

To calculate the calibration slope equation 9 is used:  

 y=
(Cmax-Cmin)
(Imax-Iblank)

 9 

Where; 

C = concentration 

Imax = maximum intensity  

Iblank = mean intensity of blanks  

 

Element & 
Wavelength LOD (ug/l)   

Ag 328.068 0.059 Hg 194.164 0.25 S 182.562 0.11 B 249.772 0.065 

Al 237.312 0.0092 K 766.491 0.0036 Sn 189.927 0.012 Ca 315.887 0.0040 

As 193.696 0.016 Li 610.365 0.00055 Sr 421.552 0.00026 Ca 317.933 0.037 
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Ba 493.408 0.00013 Mg 279.800 0.0040 Sr 460.733 0.00077 Fe 238.204 0.0094 

Ca 315.887 0.056 Mn 260.568 0.00022 Ti 334.941 0.00018 Fe 259.940 0.0098 

Ca 317.933 0.047 Mn 294.921 0.00020 Ti 336.122 0.0031 K 766.491 0.0031 

Cd 226.502 0.00057 Mo 202.032 0.015 Ti 337.280 0.00029 Mg 279.800 0.0083 

Co 228.615 0.00025 Na 588.995 0.021 V 292.401 0.00088 Mn 260.568 0.011 

Cr 267.716 0.00045 Ni 231.604 0.00020 Zn 202.548 0.0031 Mn 294.921 0.0098 

Cu 327.395 0.00054 P 213.618 0.0061 Zn 213.857 0.0027 Na 588.995 0.0039 

Fe 259.940 0.00059 Pb 220.353 0.0038 B 182.577 0.077 Na 589.592 0.0045 

Hg 184.887 0.26 S 181.972 0.022 B 249.678 0.065 P 213.618 0.014 

      S 181.972 0.021 

      S 182.562 0.12 

Table 17 – Calculated limits of detection for each element and wavelength,  reported to two significant figures.  

 

11.2.3 Ion Chromatography (IC) 

The samples listed in Table 15 were selected for analysis by Ion Chromatography to 

determine concentrations of the following anions; Fluoride (Fl−), Chloride (Cl−), Nitrite 

(NO2
−), Bromide (Br−), Nitrate (NO3

−), Phosphate (PO4
3−) and Sulphate (SO4

2−). This 

analysis was conducted with the help of Miss Louise Hogg, in the Environmental 

Engineering Laboratories, William Rankine Building, School of Engineering, University 

of Edinburgh. 

Analytes were limited to those filtered, but not acidified with HNO3 for analysis by ICP-

OES, meaning that due to limited sample availability in some cases both IC and ICP-OES 

analysis of the same fluid was not possible.  

The IC column was prepared for anion analysis and equilibrated before use. Calibration 

was performed against five dilutions of a Thermo Scientific™ Dionex™ Combined Seven 

Anion Standard II containing 99.9% water and 20 mg/l fluoride, 100 mg/l chloride, 

nitrite, bromide, nitrate, and sulphate, and 200 mg/l phosphate (Product No. 057590, Lot 

No. 40-85AS). The limit of detection is equal to the lowest concentration of standard 

used during calibration equalling 0.02 mg/l fluoride, 0.1 mg/l chloride, nitrite, bromide, 

nitrate, and sulphate, and 0.2 mg/l phosphate. 



 
 

113 

Analysis of the standards as samples quantified the analytical accuracy of for each element 

(Table 18). The variance between the known concentration of the standard was calculated 

as a percentage of the measured concentration and an average variance for each element 

determined. The accuracy, or variance between measured and standard concentration, of 

IC analysis was between 5 and 7% for all ions except nitrate which was measured to 20%. 

Precision was calculated from replicate analyses of a select number of standards (Cl, NO3, 

SO4). In all three cases the RSD was 5% or less, inferring good analytical precision.  

3 ml of each sample was loaded into an autosampling rack. The sample is drawn into the 

instrument by a pump and passed to the stationary phase column where anions of interest 

are bound by the solution of positively charged particles (cations) in place within the 

column. The anion concentrations are detected by observing changes in conductivity 

across the column, and interpreted using chromatographic data system software.  

 

 

Measured 
Concentration 
(ppm) 

Standard 
Concentration 
(ppm) Variance 

Variance as% 
of Measured 
Concentration 

Average 
Variance as% 

Fl 0.26 0.20 0.06 23% 7% 

0.40 0.40 0.00 0% 

2.07 2.00 0.07 3% 
4.01 4.00 0.01 0% 

9.41 10.00 0.59 6% 
Cl 13.73 15 1.27 9% 6% 

14.73 15 0.27 2% 

21.62 20 1.62 7% 
29.63 30 0.38 1% 

54.22 50 4.22 8% 
Br - 1   

5% 

1.80 2 0.20 11% 

10.57 10 0.57 5% 
20.72 20 0.72 3% 

50.03 50 0.03 0% 
NO3 17.87 15 2.87 16% 20% 

18.87 15 3.87 21% 

26.61 20 6.61 25% 
36.48 30 6.48 18% 

62.05 50 12.05 19% 
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SO4 16.24 15 1.24 8% 7% 

16.26 15 1.26 8% 

21.94 20 1.94 9% 
28.69 30 1.31 5% 

47.19 50 2.81 6% 

Table 18 - Accuracy (variance) of measured concentrations of standards by ion chromatography. 

 

 

 

 

 

Measured 
Concentration 
(ppm) 

Average 
Concentration 
(PPM) 

Standard 
Deviation RSD (%) 

Cl 13.73 14.23 0.71 5.0% 

 14.73    
NO3 17.87 18.37 0.71 3.9% 

 18.87    
SO4 16.24 16.25 0.01 0.1% 

 16.26    

Table 19 - precision (%RSD) of analysis by ion chromatography for a select group of ions.   



 
 

115 

11.3 Uncertainty 

 

Sources of uncertainty exist in both the experimental and analytical methods. 

Instrumental uncertainty is reported with measurements in ‘ Chapter 12 Results’.  

As variability exists within all natural systems, experimental work involving natural 

samples will provide results with some inherent inconsistencies. It is important to 

characterise all known and quantifiable sources of uncertainty in method and in results so 

as to minimise the input from these in experimental results.  

Instrumental accuracies can determine uncertainty in experiment preparation and set up. 

Weighing of samples was carried out on calibrated laboratory balances with accuracies of 

at least ± 0.1 g, liquid volumes above 5ml were measured into marked laboratory 

glassware and below 5 ml were pipetted using Eppendorf Research Plus Pipettes. Care 

was taken during these procedures to minimise human induced error, especially during 

pipetting.  

Statistical error (or precision) is inherent to all measurements and can be estimated by 

comparing replicate measurements. Replicate measurements of one rock sample were 

conducted for full rock digestions, allowing statistical error to be calculated, however as 

rock samples are heterogeneous then some natural variability will be reflected in this. 

Replicate blank samples were run on the ICP-OES and TIC Coulometer for the same 

purposes. 

Systematic experimental error was be identified and corrected for by using control 

experiments (Figure 13).  

The ICP-OES, IC, and pH meter were all calibrated against certified standard reference 

material (SRM). Instrumental detection limits are reported alongside data wherever 

applicable (calculated LODs for ICP-OES). Procedures of experimental set-up, agitation, 
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sampling, and measuring were all standardised to minimise human induced error, and 

records kept.  
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12 Results 

 

This chapter presents the results of pre-experimental analysis on shale sample texture and 

composition as well as pre- and post-experimental fluid chemistry characterisation.  

To study the hydro-geo-chemical interaction between shales and fluids at varied pressures 

and temperatures pre-experimental (or baseline) chemistry was determined through 

analysis of shale samples by XRD, XRF, Coulometry, LOI, SEM and full rock acid 

digestion and analysis of ICP-OES (Table 20). Following experiments, fluid samples were 

collected and analysed by ICP-OES, Ion Chromatography, and tested for pH and 

temperature (Table 29). 

The analysis of experimental fluids can identify chemical reactions taking place during the 

interaction of shale samples and added fluids under subsurface temperature and pressure 

conditions within the batch reactors. These fluids can indicate what, if any, constituents 

of environmental concern are leached from the rock or generated by reaction with fluids 

during hydraulic fracturing.  

The key results are summarised below, and described in more detail along with data in 

the following Section.  

• The depositional setting and source material that makes up a shale, as well as the 

fluids trapped within the rock during formation, control the geochemistry of the 

components available to react with any injected fluids during hydraulic fracturing. 

It is essential to characterise these well to understand the potential geochemical 

contribution to wastewater generated. The rate of deposition, oxygen conditions, 

and source material affect shale mineralogy and formation fluid. 
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• Total organic carbon in shale samples varied, with only two samples containing 

sufficient TOC to be believed as a prospective shale gas reservoir by industry 

norms. Even within a single formation, such as the six samples from the Bowland 

Shale in this study, TOC varied between 0.5% 4.2%. This reinforces the vertical 

heterogeneity of shale geochemistry, and implies subsequent variation in 

wastewater produced depending on the horizons and lithologies accessed during 

fracturing.  

 

• Inorganic carbon, a proxy for the carbonate mineral content, were low in all 

samples used in this study. Carbonate mineral species buffer the effects of 

acidizing reactions such as the oxidation of pyrite, which can lead to accelerated 

mineral dissolution during hydraulic fracturing. Inorganic carbon was highest in 

PH6 (2.2%) which also contained the highest organic carbon content (4.2%). 

Inorganic carbon content in shales could indicate the buffering potential against 

acidizing reactions, and therefore predict the extent of mineral dissolution during 

interaction with fracturing fluids. 

 

• The distribution, size and texture of the minerals as observed by SEM determines 

the surface area of each mineral phase available to react with injected fluids during 

fracturing. Sulphur was observed to only exist in conjunction with Fe, confirming 

that organic matter was not the source of and S released into solution. As shales 

were crushed and milled for experiments a greater mineralogical homogeneity 

than would be expected in field conditions was able to be accessed.  

 

• Digestion of shale samples using a series of acidic solutions determined absolute 

chemical composition of shales. Fe and S were linearly correlated – supporting 
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the hypothesis that pyrite dissolution is the main source of S in experimental 

solutions. Outcrop samples were shown to have high Ca with higher proportions 

of Sr and Mn than other samples. Metal abundance of Cu, Ni, Mo, Pb, Co and As 

were clustered with Fe and S concentrations – indicating their release may be 

associated with pyrite dissolution. Zn is clustered with carbonate elements (Sr, 

Mn, Ca), and is negatively correlated with Na, suggesting preferential association 

with carbonate over silicate minerals. Al and Cr are associated with Na and Li, 

and dissolution of silicate phases containing these elements. Ba, a major 

component of wastewater from hydraulic fracturing which was not present at 

representative concentrations in experimental solutions, was released from whole 

shale dissolution in association with K and other elements common to silicate 

mineral phases. 

 

• The pH of experimental solutions (MS and BS) decreased with time – indicating 

the release of H+ ions into solution. This is likely due to the dissolution of 

atmospheric CO2 into sampled fluids, which are approaching equilibrium with the 

ambient surroundings (in contrast with the experiential vessels which are at 

elevated temperature and pressure). This effect is more pronounced in 

experiments where the shale has higher pyrite content, as dissolution of pyrite 

within residual shale powder is accelerated by the increasing acidity due to 

dissolution of CO2. In experimental solutions which have interacted with shale 

containing low pyrite (BS and KC) the pH is initially low, as CO2 is initially 

dissolved, and then gradually increases again as the carbonate content of the shales 

buffer the acidity of the sampled solutions. The interplay between pyrite and 

carbonate content could have implications for the management of wastewater in 

the field during hydraulic fracturing. Shales with high pyrite content, known to 
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produce more acidic wastewaters could be treated with a buffer material to reduce 

acidity and prevent further dissolution affects.   

 

• Experiments were designed to mimic the hydrogeochemical conditions during 

hydraulic fracturing as closely as possible – however due to restrictions in 

experimental design, budget, shale availability, and sampling strategy some 

discrepancies between the lab conditions and the field conditions are 

acknowledged. These have been discussed in greater detail in Section 10.6. 

 

• Much lower concentrations of elements are released during experiments with 

outcrop shale samples than those conducted with core shale samples. This implies 

that ‘fresh’ mineral surfaces exposed by the milling of core samples are more 

reactive than those already exposed to surface weathering. 

 

• When hydrogeochemical batch reactions were conducted with distilled water, the 

key elements released into solution are those that make up the main rock forming 

elements present in the shale samples (Ca, K, Mg, Na, S, and Si). Constituents of 

concern in wastewaters from hydraulic fracturing such as Ba, heavy metals, and 

high concentration salts (i.e. NaCl ~100,000ppm), are not released during 

interaction at reservoir conditions between shales and simple fluids with no 

additives. These constituents must be derived either from mixing of inherent 

formation and pore water with injected fluids (not represented in this 

experimental system) or the reaction of specific chemical constituents of injected 

fluids and rock components.  
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• Experiments conducted at ambient pressure enable greater release of constituents 

into solution. This is most likely to the continual exchange of oxygen and CO2 

from the atmosphere into the experimental set up, which was not suitably sealed 

off. Evaporation of some experimental solution provided evidence for this. 

Dissolution of CO2 during the experiments (similar to that observed on sampling 

with SF1 experiments) will have increased the acidity of the experimental solution 

dissolving, in some cases, up to 15 times the concentration of elements into 

solution. This is supported by the greater concentration of Ca and S, both 

correlated with greater dissolution of carbonate minerals and pyrite which are 

accelerated under acidic conditions.  

 

• The addition of hydrochloric acid as an additive to the injected fluid composition 

in batch reactions released a greater variety of elements into sampled solutions. 

Metals such as As, Pb, Cu and Zn were all present in experiments with HCl 

additive, however negligible in experiments without. While greater concentrations 

of elements were released on interaction with fluids containing HCl additive, 

concentrations overall were still supressed in comparison with measured 

wastewaters from active operations. 

 

• Ba, an element of particular concern in for the treatment of wastewater, was 

released in greatest abundance after short time periods (24h) of interaction with 

stronger concentrations of HCl. Shale samples with greater overall proportion of 

carbonate minerals (KC) released more and more elements with reaction time and 

the addition of the fresh HCl additive.  Samples with less carbonate minerals (BS) 

released the most elements into solution early, after which additions of HCl only 

diluted the overall concentration of elements in solution.  
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• Ion chromatography analysis revealed that fluoride concentrations were higher 

than advised limits in drinking and surface water for a number of samples, and 

although high, sulphate concentrations were not above advised environmental 

limits. Sulphate concentrations are in agreement with the previously proposed 

mechanism of pyrite dissolution and pH control dominating the geochemistry of 

experimental fluids.  
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12.1 Shale Characterisation 

 

Due to available sample volumes and date of receipt of some samples not all analysis was 

able to be performed on all samples. Table 20 provides an overview of the shale samples 

used in this study and the analytical techniques applied to each. 

 

 XRD XRF TOC TIC SEM Acid Digestions 

PH1-6 ✓ ✓ ✓ ✓ ✓ ✓ 

BS1-6    ✓  ✓ 

BS-U    ✓  ✓ 

BS-L    ✓  ✓ 

MS◊ ✓ ✓ ✓ ✓  ✓ 

MS-C       

KC-EB ✓ ✓ ✓ ✓  ✓ 

Table 20 – Matrix of shale rock samples and analytical methods applied.  

 

12.1.1 X-Ray Diffraction (XRD) 

Limits of detection for quantitative XRD analysis are 1 wt.%, and results were processed 

such that any showing mineral content below 1 wt.% (inclusive of error) were removed 

from final results presented. Therefore the compositional results do not add up to 100% 

– with the difference representing minerals present in quantities below the limits of 

detection. The error in each measurement is reported by the diffraction analysis software 

in most cases the error is less than 1 wt.%. Samples PH1-6, KC and MS were analysed by 

XRD and results presented in (Table 21). 
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 PH1  PH2  PH3  PH4  

Mineral Weight% ± Weight% ± Weight% ± Weight% ± 

Quartz 69 2.00 79 1.40 74 1.80 62 1.80 

Calcite LOD  3 0.23 LOD  3 0.27 

Dolomite LOD  3 0.24 LOD  LOD  
Pyrite 3 0.22 3 0.20 2 0.20 7 0.39 

Albite 3 0.43 LOD  3 0.40 4 0.50 

Illite 8 0.76 3 0.39 8 0.71 7 0.62 

Kaolinite 3 0.32 LOD  LOD  3 0.40 

Chlorite 3 0.44 LOD  2 0.40 2 0.52 

Microcline 1 0.34 LOD  LOD  ND  
Muscovite 6 0.62 3 0.42 6 0.60 5 0.59 

Carnallite LOD  LOD  LOD  LOD  
Gypsum LOD  LOD  LOD  1 0.21 

Anorthite ND  ND  LOD  LOD  
Orthoclase LOD  LOD  LOD  LOD  
 

PH5  PH6  MS  KC  

Mineral Weight% ± Weight% ± Weight% ± Weight% ± 

Quartz 54 2.50 56 1.90 50 1.90 63 2.30 

Calcite 2 0.23 14 0.88 LOD  LOD  

Dolomite LOD  LOD  LOD  1 0.23 

Pyrite 5 0.33 4 0.25 LOD  4 0.36 

Albite 5 0.61 3 0.44 3 0.44 LOD  

Illite 10 0.87 6 0.58 18 1.00 8 0.79 

Kaolinite 7 0.70 2 0.32 2 0.35 5 0.55 

Chlorite 3 0.63 2 0.51 3 0.57 3 0.59 

Microcline 2 0.51 LOD  3 0.49 LOD  

Muscovite 6 0.72 5 0.64 13 0.82 8 0.84 

Carnallite 2 0.35 LOD  2 0.32 1 0.36 

Gypsum LOD  LOD  LOD  LOD  
Anorthite ND  1 0.43 LOD  ND  
Orthoclase   2 0.44 2 0.44 2 0.40 

Table 21 – mineral content of samples (wt.%), error reported to 100th place (0.01). 

 

 

 

 



 
 

125 

Mineralogy varied between samples taken from different depths within the Bowland Shale 

core (Figure 21). Samples PH1-6 were predominantly composed of quartz (54 – 79%), 

illite (3 – 10%), calcite (2 – 14%), muscovite (3 – 6%), and pyrite (3 – 4%), with accessory 

minerals making up less than 5%. Samples PH1-3, and PH6, were taken from the gas 

producing zone of the Upper Bowland Shale, Ro > 1.1%, PH4 was taken from the non-

calcareous section of the UBS where the Ro < 1.1%, PH5 was taken from the Lower 

Bowland Shale. Ro is vitrinite reflectance (%), an indicator of thermal maturity of organic 

matter and indicates the productive gas zone within a shale (Harvey and Gray, 2012). 

PH1-3 were sampled from horizons within the shale core that were hydraulically fractured 

by Cuadrilla Resources in 2011.  

 

 

 

Figure 21 – Mineralogical composition of core samples of the Bowland Shale by depth analysed by XRD and corrected to total 100%. 

 

 

These samples 
were taken 
from the gas 
producing 
zone of the 
Bowland Shale  
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As PH1-3 were taken from corresponding fractured depths, they are expected to most 

closely reflect the mineralogical content of the shales fractured for gas at the Preese Hall 

1 well in Lancashire, UK  in 2011.  Their geochemical profile, as determined by XRD, 

XRF, and whole rock digestion analysis is expected to most accurately represent the 

chemical make-up of the rocks which will have interacted with the injected fluids during 

fracturing.  Samples PH5 & PH6 were collected from outside the gas producing zone, to 

reflect the wider composition of the shale, and to offer insight into how variety in 

mineralogical content will affect the geochemical reactions taking place between shales 

and injected fluids.   

The mineralogical composition of MS is 54% quartz, 17% illite, 13% muscovite with 

accessory minerals such as kaolinite, chlorite, carnallite, microcline, and albite (each <5%). 

No calcareous minerals were detected in this sample, however calcareous mineral content 

is reported up to 30% in other analyses of Marcellus Shale material (Enomoto et al., 2015), 

therefore either the MS sample comes from a carbonate poor zone, or weathering may 

have leached carbonate content prolonged surface exposure. Water present at the surface 

reacts with carbon dioxide in the atmosphere resulting in carbonic acid (CaCO3). This 

reacts with calcareous minerals, dissolving the calcium carbonate, see equations 10 & 11 

below. 

 

 
CO2 + H2O = H2CO3 = HCO3 + H+ 

carbon dioxide + water = carbonic acid = bicarbonate + hydrogen 
10 

 

 
CaCO3 + H2CO3 = HCO3 + Ca2+ 

calcium carbonate + carbonic acid = bicarbonate + calcium 
11 
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KC is made up of 63% quartz, with 8% illite, 8% muscovite, 5% kaolinite, and 4% pyrite, 

as well as <5% orthoclase, carnallite, chlorite and dolomite. It is the only sample used in 

batch reactions that contains dolomite, and is also geochemically distinct from PH1 and 

MS as it contains no albite. 

The most calcareous sample analysed by XRD is PH6,  containing 14% calcite, however 

three samples contain no calcareous material at all - PH1, PH3, and MS. Pyrite is present 

(2 – 7%) in all samples except MS. The precipitate minerals carnallite (KCl.MgCl2·6(H2O)) 

or gypsum (CaSO4·2H2O) are detected in all samples except those collected from the 

Upper Bowland Shale (PH1-3, and PH6). 

Irrespective of the causes, the variability in shale composition geographically, with depth, 

and between formations highlights the importance of thorough shale characterisation 

when trying to understand the hydro-geo-chemical reactions taking place in the 

subsurface during hydraulic fracturing. Figure 22 compares the mineral composition of 

samples used in batch reactions at reservoir temperatures and pressures.  

 

 

Figure 22 – Mineralogical composition of the threes shale samples used in batch reaction experiments at reservoir pressure and temperature 

with distilled water (RPT) as determined by XRD. 
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12.1.2 X-Ray Fluorescence 

Samples were predominantly composed of the rock forming elements silicon (63.2-

81.9%), aluminium (5.14 – 19.0%), calcium (0.17-10.5%), iron (1.93-5.27%), potassium 

(0.82-4.66%), with less than 2% magnesium + sodium, and less than 1% titanium, 

manganese and phosphorus respectively. These compositions largely reflect the chemistry 

of minerals present in the samples as determined by XRD (Table 22). 

 

Mineral Formula % range of mineral abundance in 
shale samples (XRD) 

Quartz SiO2 50-79 

Illite (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10 3-18 

Calcite CaCO3 2-14 

Muscovite KAl2(AlSi3O10)(FOH)2 or 
(KF)2(Al2O3)3(SiO2)6(H2O) 3-13 

Pyrite FeS2 2-7 

Kaolinite Al₂Si₂O₅(OH)₄ 2-7 

Albite NaAlSi₃O₈ 3-5 

Chlorite (Mg,Fe)3(Si,Al)4O10 (OH)2·(Mg,Fe)3(OH)6 2-3 

Dolomite CaMg(CO₃)₂ 1-3 

Microcline K(AlSi3O8) 1-3 

Carnallite KCl.MgCl2·6(H2O) 2 

Orthoclase KAlSi₃O₈ 2 

Gypsum CaSO₄·2H₂O 1 

Anorthite CaAl2Si2O8 1 

Table 22 – Table of minerals and their chemical formulae, sorted by descending percentage of composition of each sample. 
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Figure 23 – Log scale box and whisker plot showing the relative concentrations (ppm) of trace elements detected in shale samples by XRF 

analysis. 

 

Although major element analysis is essential for shale characterisation, and useful for 

corroborating geochemical analysis of the samples by XRD, the minor chemical analysis 

of the samples are more likely to reveal details of the subtle geochemical alterations 

occurring during batch reactions. Results from the XRF analysis of (minor) elements, Zn, 

Cu, Ni, Cr, V, Ba, Sc, La, Ca, Nd, U, Th, Pb, Nb, Zr, Y, Sr and Rb detected in parts per 

million, are listed in Table 24 and plotted on Figure 23.  

Most of the minor elements were measured at concentrations below 100 ppm (0.01%) 

except Ba, V, Zr, Sr for all samples and Rb and Cr in MS and PH-5. PH-2 was 

comparatively low in most trace elements compared to the other samples. KC was 

relatively high in heavy metals Zn (797 ppm), Ni (167 ppm), and V (897 ppm). Zn is 

known to be high in oil shales (Wedepohl, 1978), while black shales (organic rich shales 

with <1% carbonates) are the main source of commercially extracted V in China (LI et 
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al., 2010), and are known to contain elevated traces of a variety of metals (Cu, V, U, and 

Ni). 

The Ti, Mn and P fractions, although measured at <1% are important factors in shale 

geochemistry. P has been linked to the hydrocarbon source potential of shale formation 

(Sheldon, 1987), while Ti and Mn are known to be enriched in shales relative to coarser 

sedimentary rocks (Salminen et al., 2005). 

Rb is held within the clay fraction of shales, in this case illite, and is strongly associated 

with K. Cr tends to be enriched in micaceous minerals, most likely mica in these samples, 

but also readily substitutes for Fe and Mg and can be present in amphiboles and pyroxenes 

(Salminen et al., 2005).  

Differentiation between rock and mineral dissolution, and the transformation or 

formation of new chemical components, can be aided by understanding the behaviour of 

minor chemical constituents of the shales. The baseline geochemistry of the shale samples 

used as determined by XRD and XRF gives essential context to the analysis of any fluids 

sampled from experiments reacting the shale samples and fluids.  

 

 

% SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 MnO P2O5 LOI Total 

KC 70.7 12.7 4.97 1.21 2.1 0.05 2.52 0.53 0.03 0.19 4.9 99.9 

MS 69.7 19.0 1.93 1.01 0.17 n.d. 4.66 0.9 0 0.05 2.67 100 

PH-1 77.6 11.7 3.11 0.68 0.49 0.5 1.99 0.59 0.01 0.1 3.02 99.8 

PH-2 71.2 12.1 6.51 0.82 3.1 0.57 1.55 0.47 0.01 0.07 3.72 100 

PH-3 79.4 10.9 2.82 0.58 0.31 0.58 1.88 0.57 0.01 0.09 2.52 99.6 

PH-4 81.9 5.14 2.92 0.49 2.28 0.13 0.82 0.23 0.01 0.07 5.91 99.9 

PH-5 64.9 18.5 5.27 0.72 1.76 0.73 1.94 0.82 0.02 0.09 4.92 99.6 

PH-6 63.2 9.1 4.17 0.76 10.5 0.35 1.37 0.46 0.02 0.11 9.47 99.5 

Table 23 – Results of XRF analysis of the major elemental composition of shale samples used in batch reaction experiments 
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(ppm) Zn Cu Ni Cr V Ba Sc La Ce Nd U Th Pb Nb Zr Y Sr Rb 

KC 797 69.5 167 116 897 366 14.4 39 82.3 36.5 17.5 8.5 15.9 14.6 102 26.3 199 103 

MS 11.2 14.2 35.4 124 701 939 26.1 54 97.8 52.4 13.6 8.9 40.2 15.8 140 27.8 77.5 185 

PH1 17.6 42 55.4 94.6 168 154 14.2 31.7 65.4 30.5 6.1 7.8 35 11.8 119 18.7 172 83 

PH2 10.4 26.2 36.5 41.1 85.5 94.3 8.1 11 32.1 15.8 7.4 2.4 38.3 5.1 40.8 11.1 131 33.1 

PH3 4.2 29.5 44.4 87.5 129 154 12.8 30.9 59.8 28.7 5.7 7.3 32.8 11.1 133 18.4 161 76.7 

PH4 64.6 69.3 93.1 78 190 114 9.2 26.9 56.5 24 15.5 6.2 14 10 65.1 16 235 56.9 

PH5 52.3 30.2 49.5 121.9 109 183 16.5 40.8 89.1 38.8 4.1 11.3 17.6 13.1 134 27.1 408 81.1 

PH6 59.2 24.5 40.4 79.7 89.8 130 12.2 26.3 59.1 27.9 5.1 6.6 10.8 8.7 103 27.6 356 57.6 

Table 24 – Results of XRF analysis of minor elemental composition measured in samples used in batch reaction experiments. 

 

12.1.3 loss on ignition 

The total organic carbon of each shale sample analysed for XRF was measured by 

calculating Loss-on-Ignition (LOI) during sample preparation. As discussed in Section 

11.1.3, LOI as a method of estimating TOC is limited due to its susceptibility to lost 

volatiles as well as organic matter during ignition. Nonetheless, it is possible to correct 

for the loss of structural water based on the known clay content of the shale sample (XRD 

Results – Section 12.1.1). Details of the correction applied can be found in Section 11.1.3. 

Measured LOI (%) and calculated TOC (%) are displayed in Table 25.  

Estimated total organic carbon ranged from 0.1% (MS) to 4.2% (PH-6), with a mean of 

1.5% and a standard deviation of 1.2%. 0.5% is the minimum TOC expected in a 

hydrocarbon source rock, however for a shale gas reservoir this is 2%. 

 

 

Sample LOI (%) Clay† (%) TOC (%) 

PH1 3.0 ± 0.3 18.9 ± 2.1  0.75 

PH2 3.7 ± 0.4 6.5 ± 0.8 1.52 

PH3 2.5 ± 0.3 15.8 ± 1.7 0.57 

PH4 5.9 ± 0.6 18.2 ± 2.1 2.26 
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PH5 4.9 ± 0.5 26.3 ± 2.9 1.46 

PH6 9.5 ± 1.0 14.5 ± 2.1 4.28 

MS 2.9 ± 0.3 36.4 ± 2.7 0.14 

KC 4.9 ± 0.5 23.0 ± 2.8 1.57 

Table 25 – Total organic carbon (TOC) content for eight shale samples analysed by loss on ignition and corrected for clay content. †Clay 

content =% total content of muscovite, kaolinite, chlorite, illite from XRD analysis. 

 

12.1.4 CO2 Coulometry  

Total inorganic carbon (TIC) was measured with a CO2 coulometer. Calculated TIC (%) 

is displayed in Table 26. Total inorganic carbon is a combination of the carbon dioxide 

(CO2), carbonic acid (H2CO3), bicarbonate (HCO3) and carbonate (CO3
2-) species 

detected in the sample (Equation 12). Inorganic carbon is stored in rocks as carbonate 

minerals such as calcite (CaCO3) and dolomite (CaMg(CO3)2) and therefore can be 

indicative of carbonate mineral content. TIC measured ranged from 0.04% (PH-3) to 

2.17% (PH-6) with a mean of 0.59%, a median of 0.46%, and a standard deviation of 0.63. 

For all samples except PH-6 the TIC was below 1%.  

 

 TIC=CO2+H2CO3+ HCO3
-+CO3

2- 12 

 

Sample TIC (%) 

PH-1 0.33 

PH-2 0.58 

PH-3 0.04 

PH-4 0.57 

PH-5 0.41 

PH-6 2.17 

KC 0.52 

MS 0.07 

Table 26 – Calculated TIC (%) values from CO2 Coulometry. 
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12.1.5 Scanning Electron microscopy (& energy dispersive spectroscopy) 

Samples PH-1, -2, -3 and -6 were analysed on the Scanning Electron Microscope to 

determine texture and distribution of certain elements within the shale matrices. 

Specifically, the distribution of sulphur was investigated to determine any mineralogical 

association. 

Organic carbon was observed in equant and elongate form, the elongate matter is 

concordant with the overall texture of the shale. Elongate needles of muscovite mica also 

follow this laminar texture while cracks or deformities in the rock mostly conform to the 

same orientation (Figure 25). Pyrite is observed in ‘framboids’ of minerals grown in 

spherical lenses or recesses within the shale matrix (Figure 24), and both Fe and S are only 

found in conjunction with each other indicating that S is not found in association with 

organic matter. Grain size varies from 1-20 µm, and are fairly consistently sized by mineral 

type. Pyrites tended to be the smallest at around 0.1-2 µm. The largest particles in the 

shales are the deposits of organic carbon (20-50 µm). The muscovite grains are long, 20-

100 µm, however very thin (<5 µm). Quartz, feldspar and clay material varies in shape 

and size. 

 

 

 

Figure 24 – SEM images of pyrite framboids in shale section PH-2, most are spherical (right) but some also fill recesses in shale sample (left). 

The same pyrite texture was observed in PH-3 and PH-6.  
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Figure 25 – Scanning Electron Microscope Image of PH-1 showing typical composition and texture. Dark black areas of varying morphology 

and size are organic carbon. Light grey elongate, needle-like, minerals (running north to south) are muscovite. Circular white areas, and 

clusters of white circles are framboids of pyrite. Blocky and angular white crystals are albite. And the darker gray mottled matrix is 

made up of quartz, illite and kaolinite. 

 

Elemental maps of a section of sample PH-6 (Figure 26) indicate the relative groupings 

of elements detected in the sample. Combining this information with the measured 

mineralogy of the sample allows us to map out the distribution and abundance of each 

element. Clear associations can be seen between Al and Si (indicating the presence of 

aluminosilicates such as plagioclase feldspar), clear distinctions between Si and O (the 

difference between siliceous matrix and organic carbon deposits), and associations 

between Fe and S (indicating the presence of pyritic framboids). Sparse Ti is observed 

which may indicate the presence of rutile in the sample at levels undetected by XRD 

Pyrite Lenses 
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analysis. Na, Ca and Al indicate the distribution of anorthite (Ca-rich feldspar) and albite 

(Na-rich feldspar). Elongate needles of K pick out the placement of muscovite mica.  

Understanding the distribution of elements and minerals in the shale samples helps us to 

identify the source of dissolved elements after reaction with fluids during experiments.  
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Figure 26 – Elemental maps produced by EDS for a section of the PH-6 sample (element detected annotated in top right hand corner of each 

map) – and the correlated SEM image annotated with minerals identified from elemental maps. NB – scale in elemental distribution maps same 

as larger SEM image. 
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Fe and S were shown by elemental mapping to be spatially correlated indicating pyrite 

(FeS2) abundance and location. Pyrite cubes were observed on the SEM in framboidal 

structures of varying size and distribution. Most were in spherical form, showing as bright 

white circles at larger scales (100-600 µm) and clearly differentiated as groups of 

overlapping crystals at scales of 1-5 µm (Figure 24). As S was one of the predominant 

components released into solution during experiments, the source and nature of this S is 

of key interest.  

Texture and elemental distribution is also relevant due to the nature of material that can 

be accessed by the injected fluids during fracturing. As shales were crushed and milled to 

a fine powder for experiments – material accessed is more homogenous – however the 

geochemistry of available minerals accessed during fracturing will most likely be more 

restricted by fracture geometry and mineralogical heterogeneity.   
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12.1.6 Whole Rock Digestion 

Samples were completely digested in acidic solutions to determine whole rock 

composition by ICP-OES. This provides a comparative data set with which we can better 

understand the source of certain dissolved species released during experiments. Elemental 

concentrations for each sample are reported in percent (%) for more concentrated 

elements (Table 27) and in parts per million (ppm) for less concentrated elements (Table 

28).  

 

Sample /  
Element Concentration (%) Al Ca Fe K Mg Na S 

PH1 5.62 0.87 2.18 1.37 0.50 0.44 1.89 

PH2 2.45 1.54 1.86 0.55 0.27 0.17 1.77 

PH3 5.14 0.21 1.76 1.21 0.30 0.45 1.64 

PH4 5.22 1.80 3.70 0.96 0.40 0.40 3.83 

PH5 8.28 1.08 3.07 1.25 0.40 0.56 2.92 

PH6 4.26 6.14 2.61 0.94 0.41 0.37 2.50 

KC 4.23 1.02 1.70 0.96 0.57 0.06 1.52 

MS 7.31 0.28 1.11 2.46 0.48 0.06 0.34 

BS1 5.13 2.46 2.78 1.15 0.62 0.41 2.59 

BS2 4.81 2.64 2.31 1.14 0.77 0.44 1.84 

BS3 4.12 1.50 1.78 0.98 0.41 0.44 1.49 

BS4 4.50 2.66 2.05 1.08 0.59 0.39 1.73 

BS5 5.16 0.33 6.92 1.02 0.25 0.34 8.22 

BS6 5.50 0.36 2.02 1.31 0.38 0.40 1.80 

BS-L 4.45 9.46 2.18 0.94 0.53 0.32 1.43 

BS-U 2.79 6.53 2.42 0.52 3.14 0.16 2.53 

Table 27 – Major elmental concentrations measured in acid-digested rock samples on ICP-OES, reported in percent (%). 
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Figure 27 – Scatterplot of measured Iron (Fe) and Sulphur (S) concentrations measured in each rock sample. 

 

 

Figure 28 – Box and whisker plot showing the % concentration of major elements measured on ICP-OES following full rock digestion and 

analysis (n=1).  
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The major elements detected in the samples included Al, Ca, Fe, K, Mg, Na and S. In 

outcrop samples of the Bowland Shale (BS-U & BS-L) the most abundant element was 

Ca (6.53, 9.46%). BS-U contained the most Mg of all samples (3.14%) suggesting the 

presence of dolomite (CaMg(CO3)2). For most other samples (PH-1, -2, -3, -4, -5, KC, 

MS, BS-1, -2, -3, -4) Al is the most abundant element analysed for (2.45-8.28%). Major 

elements measured (ppm concentration) constitute between 8.60 and 22.3% of the sample 

composition. For all samples, the correlation of Fe to S is linear, indicating direct relation 

between the concentrations of both elements. This suggests that pyrite (FeS2) is the major 

source of sulphur in experimental fluids.  

The correlation between Fe and S is the strongest in the dataset with a correlation co-

efficient of r(14) = 0.99 (p-value = 4.2x10-14), statistically significant at α = 0.01. The 

correlation matrix produced for the whole rock digestion data set (Figure 29) displays the 

calculated correlation coefficients for each pair of elements, indicating whether or not 

each element displays a statistically significant positive or negative linear correlation. The 

concentration of metals such as Cu, Ni, Co, Pb, Mo, As, S and Fe are all positively 

correlated suggesting that the dissolution of Pyrite (the source of Fe and S) may be 

associated with the release of these metals into solution. Other statistically significant 

positive correlations exist between Ca, Mn and Sr (Ca, Mn (0.83) and Mn, Sr (0.73) and 

Sr, Ca (0.78)) perhaps indicating co-dissolution of phases bearing these elements. 

Negative correlations exist between Na and Ba (-0.52) and Na and Zn (-0.45) indicating 

that dissolution of one may restrict the presence of the other. Larger proportions of Zn 

and Ba are detected when less Na is detected.  

Generally, stronger positive correlations exist in the dataset than negative ones. Positive 

correlations in whole rock digestion data suggest that certain elements may be co-released 

during dissolution however negative correlations do not suggest inhibition of elemental 
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dissolution, but perhaps that mineral abundance restricts the co-presence of certain 

minerals and exerting a more gentle control on overall fluid composition. 

Hierarchical clustering of the correlation data discerns groups of elements associated by 

the strength of their correlation. The height of the dendrogram bar indicates the strength 

of the correlation between elements; lower height splits indicate stronger correlation 

(Figure 30). Fe and S are most strongly correlated, followed by Cu and Ni, with most 

metals (As, Mo, Pb, Co) clustered at a height of 1, and all the elements stated clustered 

below a height of 2. This suggests an association of metals with pyritic material. Sr, Mn, 

and Ca are clustered below 2, indicating the co-presence of Sr and Mn in calcareous 

material. Both Sr and Mn are common trace elements found in carbonate minerals 

(Society of Economic Paleontologists and Mineralogists, 1983). 
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Figure 29 – Correlation matrix showing the Pearson product moment correlation values between each variable in the whole rock digestion 

dataset. Top-right gives r values and bottom left shows strength of correlation by colour scheme displayed by temperature bar on right. 

Correlation data has been grouped by hierarchical clustering to order elements by association of correlation coefficient (n=8). 
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Figure 30 – Hierarchical cluster dendrogram showing groups of correlated elemental concentrations from whole rock digestions and their 

relative grouping strength (indicated by ‘Height’ on the y-axis (n=8). 

 

Figure 31 – box and whisker plot of the minor (ppm) elemental concentrations of whole rock digestions and analysis by ICP-OES. NB-the outlier 

of 2210ppm Mn measured  in BS-L is outside the plotting range of the y axis of this plot (n=8).
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Sample / 
As Ba Co Cr Cu Li Mn Mo Ni Pb Sr Zn 

Elemental Concentration (ppm) 

PH1 24.3 185 20.4 76.2 58.3 25.3 143 10.3 66.0 24.5 191 79.8 

PH2 17.3 100 12.4 34.6 23.8 14.0 84.2 1.51 41.1 28.6 136 30.3 

PH3 15.7 158 19.6 69.7 29.0 15.0 88.2 0.0 49.8 29.8 160 20.1 

PH4 31.1 121 32.8 66.2 70.0 35.7 86.7 28.5 95.7 7.78 232 94.2 

PH5 26.3 186 27.9 99.0 29.1 126 136 0.0 56.5 12.5 413 59.7 

PH6 26.7 124 19.1 55.1 21.4 12.8 150 0.0 42.5 2.42 385 65.3 

KC 30.8 262 18.8 50.1 38.1 8.39 108 26.8 96.7 6.75 146 391 

MS 13.5 792 9.27 79.4 9.41 12.9 37.4 1.12 30.3 30.8 86.4 17.3 

BS1 22.2 154 24.4 67.3 49.0 28.1 340 14.7 52.5 LOD 212 58.9 

BS2 11.8 146 26.8 64.3 28.2 16.5 420 0.7 40.7 4.91 197 61.4 

BS3 16.7 131 26.1 57.2 20.3 15.3 118 0.0 38.2 19.1 173 16.4 

BS4 12.4 136 19.5 61.1 25.8 14.6 321 3.57 40.1 7.91 192 42.7 

BS5 87.4 115 49.0 66.3 83.0 46.2 64.0 55.4 161 170 172 36.2 

BS6 18.9 160 30.2 74.9 33.8 23.0 108 0.0 58.4 26.8 167 17.0 

BS-L 19.7 442 24.2 71.5 76.2 11.6 2211 0.0 160 5.96 551 146.4 

BS-U 22.3 184 22.6 72.4 65.4 2.8 660 0.0 117 25.6 264 103.4 

Table 28 – Elemental concentrations measured in acid-digested rock samples on ICP-OES, reported in parts per million (ppm).  
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12.2 Experimental Results 

 

Fluids produced by the hydrogeochemical batch reactions were collected at the end of 

each experiment. pH and temperature was measured at 1 minute intervals for those 

conducted at reservoir pressures and temperatures (p146). Experiments conducted at 

ambient pressure were sub-sampled at 28, 31, 40, 56, 157, and 189 days, and topped up 

with fresh distilled water to maintain the rock:water experimental ratio. Samples were 

filtered and either acidified to 2% with HNO3 for analysis on ICP-OES or left unacidified 

for analysis by IC. Table 29 provides a summary of the analysis performed on 

experimental fluids collected.  

 

Sample pH temperature ICP-OES IC 

DI   ✓  

KC1.1 ✓ ✓ ✓ ✓ 

KC2.1 ✓ ✓ ✓ ✓ 

KC3.1 ✓ ✓ ✓ ✓ 

MS1.2 ✓ ✓ ✓ ✓ 

MS2.2 ✓ ✓ ✓ ✓ 

MS3.2 ✓ ✓ ✓ ✓ 

BS1.3 ✓ ✓ ✓ ✓ 

BS2.3 ✓ ✓ ✓ ✓ 

BS3.3 ✓ ✓ ✓ ✓ 

PH3_A4   ✓  

PH4_A4   ✓  

PH6_A4   ✓  

MS_A4   ✓  

KC_A4   ✓  

PH3_A7   ✓  

PH4_A7   ✓  

PH6_A7   ✓  

MS_A7   ✓  

KC_A7   ✓  

PH2_TO   ✓  

PH3_TO   ✓  

PH4_TO   ✓  

PH5_TO   ✓  

PH6_TO   ✓  
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MS_TO   ✓  

KC_TO   ✓  

PH2_0.125HCl(28)   ✓ ✓ 

MS_0.125HCl(28)   ✓ ✓ 

KC_0.125HCl(28)   ✓ ✓ 

PH2_0.125HCl(56)   ✓ ✓ 

MS_0.125HCl(56)   ✓ ✓ 

KC_0.125HCl(56)   ✓ ✓ 

PH2_0.125HCl(157)   ✓  

MS_0.125HCl(157)   ✓  

KC_0.125HCl(157)   ✓  

PH2_0.125HCl(189)   ✓  

MS_0.125HCl(189)   ✓  

KC_0.125HCl(189)   ✓  

PH2_10HCl(28)   ✓ ✓ 

KC_10HCl(28)   ✓ ✓ 

MS_core(31)   ✓  

BS_upper(31)   ✓  

BS_lower(31)   ✓  

MS_core(40)   ✓  

BS_upper(40)     

BS_lower(40)     

Table 29 – Matrix of fluid samples and analytical techniques applied. 

 

12.2.1 pH & Temperature 

Fluids samples collected from reservoir temperature and pressure (SF1) experiments were 

measured for pH and temperature at 1 minute intervals from the moment of sampling. 

Figure 33, Figure 34, and Figure 35 display the measured pH across the 10 minute 

measuring period. 

Temperatures ranged from 21.8-55.3 ± 0.5 °C (experiments were conducted at 65 °C) 

indicating a 10 – 40 °C temperature drop on sampling that could drive mineral 

precipitation from solution, therefore every effort was made to acidify the samples with 

HNO3 as quickly as possible so as to maintain the dissolution of any trace metal phases.  

The pH of fluids sampled from control experiments ranged from 6.49 to 7.99 ± 0.01 at 

the moment of sampling, dropping off to 5.89-6.81 ± 0.01 after ten minutes (Figure 33, 
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Figure 34, Figure 35). For the experiments conducted with shale material under reservoir 

conditions, the highest pH was measured in the experiment with 1 mm chips Kimmeridge 

Clay (8.41 ± 0.01) and the lowest in the experiment with powdered Marcellus Shale, 

sampled after 24h (5.06 ± 0.01) (Figure 32). 

The pH of both experiments with Kimmeridge Clay shale are higher than the pH 

measured in the control by ~ 2 pH units (Figure 34). The pH of the experiments with the 

Marcellus Shale are lower than the control by ~ 2.5 pH units (Figure 33). The pH of the 

experiments conducted with Bowland Shale measure above and below that of the control 

until 2 minutes after sampling when the pH gradually increases above that of the control 

which, unexpectedly decreases with time (Figure 35).  

 

 

Figure 32 – boxplots of pH measured across 10 minute time intervals following experiment end (control experiments highlighted by text label, 

N=3). 
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pH decreases when H+ ions are released into solution. A number of chemical reactions 

can decrease solution pH, including the dissolution of pyrite in oxygenated water 

(Equation 13) or the dissolution of CO2 and dissociation of carbonic acid (Equation 14). 

 

 FeS2 + H2O + O2 -> Fe2+ + SO4
2- + 2H+ 13 

  

 CO2 + H2O -> H2CO3 -> H+ + HCO3- 14 

 

It is possible that the increase in pH observed in both the SF1-BS and SF1-KC fluids is 

due to counterbalancing chemical reactions causing release of H+ ions (pyrite dissolution 

or similar) before buffering by bicarbonate (HCO3
-) back to carbonic acid (H2CO3

-). This 

buffering effect is more likely to take place if the carbonate content of the shales is greater. 

It is also possible that the change in pH observed in the SF1-MS fluid (first increase then 

decrease) is due to dissolution of pyrite as the fluids become oxygenated during sampling.  
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Figure 33 – pH of Marcellus Shale fluid samples (1 minute intervals) from reservoir conditions experiments with respect to control. (n=1). 

 

Figure 34 – pH of Kimmeridge Clay fluid samples (1 minute intervals) from reservoir conditions experiments with respect to control (N=1). 
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Figure 35 – pH of Bowland Shale fluid samples (1 minute intervals) from reservoir conditions experiments with respect to control (N=1).  
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12.2.2 ICP-OES 

Fluid samples collected from experiments were analysed on the ICP-OES to determine 

dissolved elemental concentrations for a suite of analytes. Samples were tested for Ag, Al, 

As, B, Ba, Cs, Ca, Co, Cr, Cu , Fe, K, Li, Mg, Mn, Mo, Na, Ni, Pb, S, Si, Sr, Ti, V, and 

Zn. The concentration of each element is calculated by measuring the intensity of the 

light produced at diagnostic wavelengths for each element and calibrating against 

standards of known concentrations run before each analysis. 

Five different experimental conditions were set (SF1-5). SF1 most closely replicated 

subsurface temperature and pressure conditions however limitations with the 

experimental equipment meant that only distilled water could be used as the fracturing 

fluid in this set up. SF2 comparatively investigated the effect of reducing the pressure at 

which SF1 experiments were conducted to ambient air pressure, keeping all other 

variables the same. SF3 experiments were conducted at ambient pressures and 

temperatures. SF4 and SF5 were conducted at reservoir temperature, ambient pressure, 

and with 0.125% and 10% HCl chemical additive to the fracturing fluid respectively. 

Within these experimental conditions some additional variables were investigated. During 

SF1 the effect of shale particle size was investigated. The effects of sample depth and 

source (surface outcrop or core) were investigated in SF2-5. Temporal sub-sampling was 

achieved with varying degrees of success in all experiments; SF1 after 24 hours, SF3 after 

7 weeks, SF4/5 after 8, 22.5, and 27 weeks, and all experiments were sampled after 4 

weeks.  

Three replicate SF1 experiments were run. Two, SF1-MS & SF1-BS, were run for four 

weeks and one, SF1-KC, was terminated after 3 weeks due to equipment issues. SF1-KC 

compared the effect of 1mm shale chips with powdered shale on reaction rates. SF1-MS 

and SF1-BS were both conducted with shale powder due to the greater reactivity observed 

in SF1-KC powdered shale experiment.  
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12.2.2.1 Control experiments 

Overall, elemental concentrations measured in control analyses were minimal (0-0.34 

ppm) indicating little evidence of contamination from equipment or set up.  As SF1 

experimental equipment was made of 313L stainless steel, elements of particular concern 

were Cr, Ni, Mn and Mo which are all primary constituents of 316L stainless steel. Cr, Ni, 

and Mn all measured 0 ppm or below the limit of detection suggesting corrosion was not 

responsible for 0.1-1.6 ppm Mo measured in the fluids, as these elements would be 

expected to be co-released if corrosion was occurring. 

As experimental equipment was re-used for each SF1 experiment, the effectiveness of the 

cleaning process was tested by comparing the results of the control experiments with time 

Figure 36. All concentrations of elements measured decrease between the first and the 

third control experiment, however Mn, Ni, Si and Zn all increase temporarily in the 

second control. Most elements detected in control analyses were less than 0.1 mg/L 

except Ca, K and S.  

 

 

Figure 36 – Elements measured in control reactions run with distilled water and no shale for 4-week periods. Contamination between 

experiments would be illustrated by progressively increasing concentrations between controls 1, 2, and 3 (which correspond to sequential 

experiments SF1-KC (Control 1), SF1-BS (Control 2), and SF1-MS (Control3).  
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12.2.2.2 SF1 Experimental Results 

For each SF1 experiment the results of fluid analysis from a synchronous control 

experiment containing fluid but no rock sample, are subtracted from the concentrations 

measured dissolved constituents to counter the effects of any contamination by method. 

Tabulated results are presented on p156. 

The dissolved constituents greater than 1ppm within the fluids analysed from SF1-KC 

experiments performed with shale powders are Ca (36.7 ppm), K (17.3 ppm), Mg (5.6 

ppm), Mo (1.2 ppm), Na (51.4 ppm), S (14.0 ppm), and Si (4.3 ppm). In comparison to 

the SF1-KC experiments conducted with 1mm rock chips the concentrations are between 

0.2 and 5 times higher (Figure 37). 

 

 

Figure 37 – Concentration of elements measured in fluids sampled from batch reactions with Kimmeridge Clay shale material, 1 mm chips and 

powder. NB: Log Scale Axis. 
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Dissolved constituents greater than 1 ppm in the SF1-BS experiments closely mirrored 

those measured from the SF1-KC fluids with measured concentrations of Ca (57.6 ppm), 

K (11.2 ppm), Mg (11.7 ppm), Na (82.3 ppm), S (25.2 ppm), and Si (3.6 ppm), however 

only 0.05 ppm Mo was detected. The  SF1-BS experiment that was opened for sub-

sampling after 7 days and then refilled with fresh reaction fluid before re-pressurisation 

contained lesser concentrations of all elements measured. 

For the SF1-MS experiments, all elements measured are present in lesser concentrations 

than the previous two experiments (SF1-KC and SF1-BS). The >1 ppm concentration 

elements are Ca (1.20 ppm), K (2.55 ppm), and Si (2.1 ppm), S is also present at 0.95 ppm. 

The SF1-MS experiment sub-sampled after 24h shows greater concentrations overall of 

elements measured than in the experiment that remained closed for the entire duration,  

suggesting that the subsampling process may be altering the chemical interaction between 

the fluids and the shale. This is the opposite outcome to the SF1-BS experiment sampled 

after 7 days, where concentrations are less after 7 days than when experiments are left 

closed for the full duration. 

Fluids sampled from SF1 experiments are Na and Ca dominated for KC and BS however 

MS fluids are relatively depleted in dissolved elements in comparison. If Na and Ca are 

derived from feldspar dissolution then Al would be expected at greater concentrations 

than is measured. The next most abundant elements are K, Mg and S, with some Si 

detected. K and Si are proportionally concentrated depending on shale sample, as are Na 

and Ca and S, suggesting they are co-released depending on shale composition (Figure 

38). B and Sr are also concentrated proportionally with Na, C and S, but at much lesser 

concentrations (Figure 39). 
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Figure 38 – concentration of major elements measured in SF1 batch reactions at representative reservoir pressures and temperatures (N=1). 

 

 

Figure 39 – concentration of minor elements measured in fluids sampled from batch reactions at reservoir pressures and temperatures (N=1). 
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Summary of SF1 Experimental Results: 

• Contamination from corrosion of experimental equipment is non-existent.  

• Contamination between runs of experiments is low to negligible. Cleaning process 

is effective.  

• Marcellus Shale (outcrop sample) is much less reactive than Kimmeridge Clay and 

Bowland Shale (core samples). 

• Sub-sampling experiments after 24 hours results in increased concentrations of 

most constituents, however after 7 days results in decrease, in comparison to the 

same experiments that remain closed for the 28 day duration 

• Constituents released into solution are mainly elements found in rock forming 

mineral matrix – no elements of environmental concern released during reaction 

at pressure and temperature with distilled water. 

Theoretically if hydraulic fracturing was performed with distilled water the expected 

produced fluids would be of this composition. – however, no pore of formation water is 

present in these shales and geological heterogeneity  is not accounted for.
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SF1-KC 

(mg/l) Al As B Ba Ca  Co Cr Cu Fe K Li Mg Mn Mo Na Ni Pb S Si Sr Zn 

1 mm chips 0.05 0.02 0.07 0.01 12.4 0.00 0.00 LOD 0.03 3.34 0.03 3.27 LOD 0.19 45.5 LOD 0.00 7.30 1.45 0.09 LOD 

powder 0.06 0.08 0.24 0.10 36.7 0.00 0.00 LOD 0.02 17.3 0.06 5.61 LOD 1.16 51.4 LOD 0.00 14.0 4.25 0.41 LOD 

Table 30 - Measured concentration of elements in SF1 hydrogeochemical batch reaction fluids from interaction with KC shale. 

SF1-BS 

(mg/l) Al As B Ba Ca  Co Cr Cu Fe K Li Mg Mn  Mo Na Pb S Si Sr Zn 

1 week 0.01 0.00 0.28 0.00 40.8 0.00 0.00 0.00 0.02 8.03 0.02 8.17 0.04 0.05 50.7 0.00 16.0 3.08 0.56 0.00 

4 weeks 0.01 0.00 0.35 0.00 57.6 0.00 0.00 0.00 0.03 11.2 0.03 11.7 0.05 0.05 82.3 0.00 25.2 3.64 0.86 0.00 

Table 31 - Measured concentration of elements in SF1 hydrogeochemical batch reaction fluids from interaction with BS shale. 

SF1-MS 

(mg/L) Al As B Ba Ca  Co Cr Cu Fe K Li Mg Mn Mo Na Ni Pb S Si Sr Zn 

24h 0.01 LOD 0.05 0.04 4.65 0.00 LOD 0.00 0.11 3.76 0.00 0.78 LOD LOD 0.48 LOD 0.00 2.87 2.33 0.04 0.01 

4 weeks 0.09 LOD 0.05 0.01 1.20 0.00 LOD 0.00 0.03 2.55 0.00 0.24 LOD LOD 0.35 LOD 0.00 0.94 2.05 0.01 0.00 

Table 32 - Measured concentration of elements in SF1 hydrogeochemical batch reaction fluids from interaction with MS shale. 
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12.2.2.3 SF2 Experimental Results  

SF2 experiments, in comparison to SF1, were conducted at ambient air pressure, while 

maintaining representative reservoir temperature (65 °C). Results from geochemical 

analysis of fluids collected after 4 weeks are tabulated on p158. Similarly to SF1 

experiments, the elements present in greatest concentration are Ca (30.6-829 ppm), K 

(13.8-55.5 ppm), Mg (4.37-74.0 ppm), Na (2.18-171 ppm), S (13.4-285 ppm), and Si (1.22-

18.3 ppm), however overall the concentrations of contaminants measured are higher, in 

some cases by up to 15 times the concentrations measured in SF1 experiments (Figure 40 

& Figure 41). 

This suggests that either pressure inhibits elements from dissolution during rock water 

interaction at reservoir pressures and temperatures, or the mixing with oxygenated air in 

the SF2 experiments encourages dissolution, further discussion of the results of SF2 

experiments can be found in Section 12.2.2.3 SF2 Experimental Results. 

SF2 experiments were conducted in polypropylene screw top vials, which may be 

susceptible to air exchange throughout the duration of  the experiments. On sampling, 5- 

60% fluid loss from each experiment was detected and therefore it is proposed that 

contamination with oxygenated air may have occurred as the screw top closures warped 

in the oven. This has the potential to significantly bias any results obtained from SF2 

experiments, as fluid volumes were not kept constant throughout. Due to widespread 

anomalous concentrations measured in SF2-BS3 fluids – relatively low Ca, Na, and S 

concentrations, and high Al, Fe, and Si compared to other shale samples – the data was 

not plotted in Figure 40 & Figure 41, however is included in data tables on p161 for 

reference. 
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Figure 40 – major elemental composition of fluids sampled from SF2 experiments (N=1).. 

 

Figure 41 – minor elemental composition of elements detected in fluids from SF2 experiments (N=1).
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SF2 

Sample Depth (m) Al As B Ba Ca Co Cr Cu Fe K Li Mg Mn  Mo Na Ni Pb S Si Sr Zn 

MS 0 0.03 LOD 0.06 0.12 30.6 0 LOD 0 0.03 27.0 0 4.37 0.01 LOD 2.18 0 LOD 13.4 1.22 0.25 0.01 

BS4 2016 0.07 LOD 0.59 0.01 829 0.02 LOD 0 0.12 32.9 0.1 60.2 0.57 0.08 125 0.06 LOD 276 1.87 6.47 0.01 

BS2 2348 0.08 0.01 0.82 0.06 594 0.01 LOD 0.01 0.24 13.8 0.01 62.8 0.52 0.11 56.5 0.03 LOD 191 4.68 3.43 0.04 

BS3 2349 33.6 0.07 0.65 0.12 138 0.9 0.02 1.51 393 31.5 0.07 39.2 3.77 LOD 122 2.8 0.16 252 18.3 2.67 0.58 

BS6 2500 0.21 LOD 0.59 0.04 520 0.01 LOD 0.01 0.29 24.9 0.01 55.5 0.49 LOD 73.7 0.02 0 185 1.36 5.09 0.02 

BS5 2594 0.09 LOD 0.91 0.05 750 0.01 LOD 0 0.14 36.8 0.15 67.3 0.93 LOD 171 0.01 0 285 1.59 11.8 0.01 

KC 3901 0.05 LOD 0.23 0.09 442 0.02 LOD 0.01 0.09 55.5 0.05 74.0 1.5 0.31 48.4 0.09 LOD 172 1.45 1.83 0.08 

Table 33 -Measured concentration of elements in SF2 hydrogeochemical batch reaction fluids from interaction with a range of shale samples. All values  in mg/L.  
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12.2.2.4 SF3 Experimental Results 

SF3 experiments, conducted at ambient pressure and temperature provided context to 

both SF1 and SF2 experimental results.  Five shale samples were reacted with fracturing 

fluids consisting of distilled water and sampled after both 4 and 7 weeks.  Analytical results 

from these experiments are displayed on p161. There was not enough sample remaining 

to conduct any further experiments with sample BS2 after SF1 & SF2 were complete. 

Similarly to SF1 and SF2 the predominant dissolved constituents in fluids sampled from 

SF3 experiments are Ca, K, Mg, Na, S and Si. Sr is more abundant than was measured in 

SF1 fluids, comparable with concentrations measured in SF2 experiments. After 7 weeks 

the SF3-MS experiment showed much greater Ca, Na and Sr concentrations than have 

been observed through any batch reaction at reservoir pressure and temperature. The Sr 

concentration of 5.18 ppm (SF3-MS) after 7 weeks at ambient conditions is the highest 

measured in all fluids sampled from experiments SF1 to SF3 (using no chemical additives). 

SF3 experiments with BS4 and MS samples elicited higher concentrations of Sr in 

comparison to other shales after both 4 weeks and 7 weeks duration.  

 

 

Figure 42 – major elemental composition of fluids sampled from SF3(28) experiments (N=1). 
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Figure 43 – Minor elemental composition of fluids sampled from SF3 experiments  (N=1).
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SF3 - 28 days 

Depth (m) sample Al As B Ba Ca  Co Cr Cu Fe K Li Mg Mn  Mo Na Ni Pb S Si Sr Zn 

0 MS 0.05 0.00 0.61 0.01 19.7 0.00 0.00 0.00 0.01 5.34 0.00 1.92 0.00 LOD 148.7 0.00 0.00 15.7 1.44 1.63 0.01 

2016 BS4 0.06 0.00 0.20 0.00 81.3 0.01 0.00 0.00 0.02 4.36 0.00 4.99 0.03 0.02 46.6 0.05 0.00 25.8 1.13 1.41 0.01 

2349 BS3 0.02 LOD 0.01 0.04 18.6 0.00 0.00 0.00 0.01 1.89 0.00 2.55 0.00 LOD 3.15 0.01 0.00 2.14 0.32 0.16 0.01 

2500 BS6 0.05 LOD 0.07 0.07 44.2 0.01 0.00 0.00 0.02 8.37 0.00 6.91 0.08 0.44 22.2 0.03 0.00 13.2 1.35 0.36 0.02 

3901 KC 0.07 LOD 0.36 0.00 43.1 0.01 0.00 0.03 0.03 6.85 0.01 8.26 0.05 LOD 88.3 0.09 0.00 20.1 1.70 0.87 0.01 

Table 34 - Measured concentration of elements in SF3 hydrogeochemical batch reaction fluids from interaction with a selection of shale samples, sampled after 28 days. Values in mg/l, N=1 for all samples. MS – Marcellus shale, BS = 

Bowland shale, KC = Kimmeridge shale (see section 10.1). 

SF3 - 49 days 
depth sample Al As B Ba Ca  Co Cr Cu Fe K Li Mg Mn  Mo Na Ni Pb S Si Sr Zn 

outcrop MS 0.16 LOD 0.83 0.03 71.9 0.01 0.00 0.00 0.03 8.65 0.01 7.70 0.04 LOD 174 0.00 0.00 20.5 2.14 5.18 0.01 

2016 BS4 0.06 LOD 0.27 0.01 156 0.01 0.00 0.00 0.05 5.89 0.01 9.35 0.11 0.10 59.6 0.10 0.00 41.7 1.54 2.27 0.64 

2349 BS3 0.05 LOD 0.06 0.10 54.5 0.00 0.00 0.00 0.03 4.31 0.00 8.11 0.03 LOD 8.00 0.02 0.00 10.8 0.70 0.44 0.02 

2500 BS6 0.05 LOD 0.08 0.07 72.8 0.02 0.00 0.00 0.03 8.06 0.00 10.4 0.22 0.46 20.3 0.07 0.00 17.4 1.41 0.50 0.07 

3901 KC 0.05 0.01 0.52 0.01 99.1 0.01 0.00 0.01 0.05 9.63 0.01 18.6 0.28 LOD 111 0.12 0.00 37.3 2.40 1.67 0.01 

Table 35 - Measured concentration of elements in SF3 hydrogeochemical batch reaction fluids from interaction with a selection of shale samples, sampled after 49  days.. values in mg/l, N=1 for all samples  MS – Marcellus shale, BS = 

Bowland shale, KC = Kimmeridge shale (see section 10.1).
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12.2.2.5 SF4 Experimental Results  

The SF4 experiments were conducted in sealed Quickfit glassware with 0.125% HCl 

additive to distilled water base fluid. This minor chemical change in the reaction fluid was 

enough to produce distinct results in the elemental concentrations of fluids sampled. 

Notable concentrations of B (0.70-1.34 ppm), Ba (0.03-1.96 ppm), Al (0.04-36.3 ppm), 

Cu (0.06 ppm), Li (0.04-0.12 ppm), Pb (0.01-0.34 ppm), and Zn (0.15-0.21 ppm) are 

present in the sample fluids from SF4 reactions, even after just 4 weeks, where in SF1, 

SF2 and SF3 these were negligible or measured at significantly lower concentrations. 

The secondary sampling of these experiments after 56, 157, and 189 days allowed a 

temporal evaluation of the interactions between rock and fluid under these conditions 

occurring after the 28-day duration of other experiments. After a sample of fluid was 

taken the experiment was refilled with fresh 0.125% HCl to maintain the water:rock ratio. 

This meant that while concentrations would be slightly diluted immediately following 

subsampling, overall there would be slightly more fresh HCl available for reaction 

following this. 

As 100 days passed between the first phase of sampling (28 and 56 days) and the second 

(157 and 189 days) the samples were analysed on the ICP-OES separately. A number of 

analytes were not measured for in all four temporal samples – including Si which was only 

measured in the 28 and 56 day samples, and As, Cd, Ti and V which were only measured 

in the 157 and 189 samples. Incomplete temporal data for these elements was limiting to 

the evaluation of their behaviour with time in SF4 experiments.  

Out of all three samples reacted with 0.125% HCl fluids, concentrations of all elements 

except Si and Ba were detected in their highest concentrations in SF4-KC fluids. Si and 

Ba were higher in SF4-MS fluids, both starting more concentrated and depleting over 

time. This suggests that following sampling after 28 days (and after 56 days for Ba) the 
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addition of fresh 0.125% HCl fluid did not release any additional Si or Ba from the MS 

matrix. 

Li, Mg, Mn, B, S, Ni and Pb all show a similar trend in concentrations – decreasing 

between 28 and 56 days, before increasing above the initial concentration by 157 days, 

before increasing again (typically at a similar rate) by 189 days of reaction. A greater 

proportion of these elements are therefore released with time, despite a dip in their 

concentration measured after 8 weeks (Figure 44). 

Experiments conducted with KC exhibit a more marked increase in concentration with 

time than the batch reactions conducted with BS and MS rock samples. 

The concentration trend with time of Ca and Na are similar in each experiment, however 

the concentrations remain much more steady in SF4-BS and SF4-MS fluids than with 

SF4-KC which is much more variable. The concentration of Ca and Na in SF4-KC drop 

between 4 weeks and 8 weeks by around half, however in SF4-BS and SF4-MS the 

concentration remains more constant fluctuating by only ~20%. 

SF4-MS has a steady concentration of between 0.3 and 0.4 mg/L Pb, however the SF4-

KC fluid contains no Pb until 157 days where the concentrations are 0.7-0.8 mg/L. This 

implies, not all elements are certain to be released within the first 4 or 8 weeks of reaction, 

and that concentrations do have the potential to change, albeit by less than 1 mg/L, up 

to 22 weeks after initiation. 

Sr decreases with time in SF4-BS and -MS fluids, suggesting that the initial concentrations 

detected after 4 weeks may be scavenged from solution. Ca and Ba concentrations 

decrease with time in all SF4 fluid samples. Ca and Ba are often associated with Sr, 

particularly in Ca-feldspars such as anorthite, which may dissolve into solution between 

0 and 28 days, however Ca and Sr are possibly withdrawn from solution with time as 

secondary minerals form incorporating heavier alkali elements (Salminen et al., 2005). 
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Figure 44 – comparison of elemental release (Concentration in mg/l) with time (28, 56, 157 and 189 days) in SF4 experiments. 
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SF4-KC 

days Ag Al As B Ba Cd Ca  Co Cr Cu Fe K Li Mg Mn  Mo Na Ni Pb S Si Sr Ti V Zn 
29  0.11 0.04 1.34 0.51  9 0.03 0.00 0.00 1.58 47.5 0.12 80.7 2.51 2.16 115 0.35 0.01 52.3 10.6 3.88   0.21 
56  0.17 0.00 1.17 0.24  352 0.01 0.00 0.00 0.62 22.3 0.05 49.2 1.35 0.81 49.2 0.13  27.6 5.35 1.72   0.09 

157 0.20 1270 1.95 4.36 0.49 0.75 518 1.40 1.91 3.07 437 295 0.64 230 8.79 0.80 53.5 7.61 0.69 828 NA 2.28 0.43 20.1 39.4 
189 0.38 1540 2.37 5.08 0.48 0.85 526 1.57 2.28 2.20 509 356 0.78 270 10.5 0.67 62.4 8.57 0.77 950 NA 2.61 0.53 24.0 43.8 

Table 36 - Measured concentration of elements in SF4 hydrogeochemical batch reaction fluids from interaction with KC shale, sampled after 29, 56, 157 and 189 days. values in mg/l, N=1 for all samples  KC = Kimmeridge shale (see section 

10.1). 

SF4-BS 

days Ag Al As B Ba Cd Ca  Co Cr Cu Fe K Li Mg Mn  Mo Na Ni Pb S Si Sr Ti V Zn 
29  0.04 0.02 0.70 0.03  447 0.02 0.00 0.00 0.06 7.46 0.00 18.4 0.71  43.77 0.03 0.00 26.3 8.74 2.68   0.21 
56  0.04 0.00 1.12 0.03  440 0.01 0.00 0.00 0.70 6.57 0.00 24.3 0.78  37.08 0.01 0.00 29.2 8.36 2.44   0.09 

157 LOD 0.02 0.01 2.77 0.02 0.00 397 0.00 0.00 0.00 1.04 4.54 0.00 24.8 0.73 0.06 23.00 0.00 0.00 80.3  1.28 0.43 20.1 39.4 
189 0.00 0.04 0.01 3.71 0.02 0.00 438 0.00 0.00 0.00 0.20 4.82 0.00 30.6 0.82 0.07 25.28 0.01 0.00 123  1.48 0.53 24.0 43.8 

Table 37 - Measured concentration of elements in SF4 hydrogeochemical batch reaction fluids from interaction with BS  shale, sampled after 29, 56, 157 and 189 days. values in mg/l, N=1 for all samples  BS = Bowland shale, (see section 10.1). 

SF4-MS 

days Ag Al As B Ba Cd Ca  Co Cr Cu Fe K Li Mg Mn  Mo Na Ni Pb S Si Sr Ti V Zn 
29  36.3 0.00 1.05 1.96  119 0.08 0.01 0.06 73.4 28.1 0.04 14.4 0.11 LOD 4.22 0.28 0.34 11.4 20.1 0.88   0.15 
56  26.4 LOD 0.79 1.78  65.9 0.04 0.01 0.05 45.1 17.3 0.03 8.02 0.06 LOD 2.36 0.16 0.37 7.15 13.7 0.47   0.09 

157 0.05 36.8 0.00 1.14 1.00 0.00 58.4 0.03 0.01 0.04 34.3 16.2 0.06 7.13 0.06 0.00 2.89 0.14 0.31 21.0 NA 0.26 0.00 0.03 0.08 
189 LOD 46.8 0.01 1.36 1.06 0.00 62.0 0.03 0.01 0.04 36.3 19.0 0.09 8.66 0.07 0.00 3.65 0.16 0.33 23.4 NA 0.30 0.00 0.03 0.12 

Table 38 - Measured concentration of elements in SF4 hydrogeochemical batch reaction fluids from interaction with MS shale, sampled after 29, 56, 157 and 189 days. values in mg/l, N=1 for all samples  MS – Marcellus shale, (see section 

10.1).
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12.2.2.6 SF5 Experimental Results 

SF5 experiments were conducted with 10% HCl additive and reflect the highest permitted 

concentration of chemical additive for hydraulic fracturing operations in the UK. These 

experiments were conducted with BS and KC core samples (28, 160 and 161 days 

duration), and MS core and BS outcrop shale samples (31 and 40 days duration). Results 

are tabulated on p167. 

Between the 28 and 160 day sample times (132 day period) there is a more marked increase 

in element concentration than between 160 and 161 days (1 day period), indicating that 

reaction time may be proportional to elemental concentration. It also provides useful 

insight into the difference between short- and long-term reactions taking place during 

interaction 10% HCl fluids. 

In all SF5 experiments the Ba concentration reduces with time suggesting initial release 

and then scavenging of Ba. Concentrations of heavy metals (Co, Cu, Cr, Ni, Pb, V, Ti, 

Zn) increase with time and are measured at their peak concentration in fluids sampled 

from SF5 experiments. This suggests heavy metal release may be greatest when greater 

acidized fluids are utilised during fracturing. 

Each fluid sample is referred to by sample code in capital letters and experiment duration 

in days in brackets. Concentrations of Al range from 563 ppm in KC(28) to 2310 ppm in 

KC(161). As is below 1 ppm in all fluids, ranging from 0.05 ppm in BSU(30) to 0.95 ppm 

in KC(160). B ranges from 2.32 ppm in KC(28) to 7.02 ppm in KC(161). Ba is greatest in 

MSc(40) at 15.0 ppm and lowest in BSc(28) at 1.72 ppm. Highest concentrations of Ca 

are observed in fluids sampled from BSU and lowest from KC. Fe ranges from 131 ppm 

to 359 ppm, and is correlated with S (0.78) at a ratio of around 2Fe:1S. K ranges from 

187 ppm to 464 ppm with the second lowest and highest concentrations measured in 

KC(28/161). Li is present in most fluids below 1ppm, except in BSL(40) at 1.03 ppm. Mg 

is notably higher in fluids sampled from BSU (31/40) at 1210 ppm-1350 ppm. In all other 
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samples Mg ranges from 91.7 ppm to 348 ppm. Mn is greatest in fluids reacted with BSU 

and BSL at 23.0-94.9 ppm, and between 1.98 and 5.87 ppm in all other fluids. Mo is 

greatest in MSc fluids at 5.15-5.20 ppm, and ranges between 0.03 ppm and 1.48 ppm in 

other samples. Na is lower in SF5 experiments than in comparable SF4 experiments (32.6-

94.8 ppm). Ni values vary widely across fluids sampled from all SF5 experiments and with 

no discernible trend (0.86-6.67 ppm). Pb varies in correlation with Na concentrations 

(0.78) from 0.22 ppm-2.40 ppm. S ranges from 15.7 ppm to 175 ppm with MSc samples 

resulting in two of the top three concentrations measured. Sr varies between 2.72 ppm 

and 18.8 ppm, with the four largest concentrations measured in fluids reacted with BSU 

and BSL, and the two lowest concentrations measured in BSc. 

SF5-BSU fluids are depleted in most elements compared to the SF4-BSL fluids. The 

difference between concentrations highlights the importance of working with 

representative shale samples when conducting batch experiments to replicate subsurface 

conditions.  

The SF5-MSc fluid was enriched in As, Cd, Mo, Ni, P, V and Zn compared to those 

reacted with surface samples of the Bowland Shale (SF5-BSU & -BSL). Core samples that 

have not been surface weathered may be more reactive, however the differing 

composition of the Marcellus Shale and the Bowland Shale may mean that metals are not 

released into solution unanimously between shale formations. 

For fluids SF5-BSU, -BSL, and -MSc between 28 and 40 days sampling time most 

elemental concentrations exhibit the same trend except from Ba, Ca and Cr (Figure 45). 

Ca and Cr decrease in SF5-BSU and increase very slightly in SF5-BSL.  
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Figure 45 – comparison of change in elemental concentration  (mg/l) n SF5 experiments with outcrop samples of the Bowland Shale and a 

core sample of the Marcellus shale.  
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SF5 – BS core / KC core 

28 days 

 Ag Al As B Ba Cd Ca  Co Cr Cu Fe K Li Mg Mn  Mo Na Ni Pb S Si Sr Zn 

BS_core  682 0.34 3.58 1.72  1250 0.59 1.18 0.00 192 187 0.40 122 2.69 0.11 94.9 1.27 2.41 32.8 53.4 5.65 0.89 

KC_core  563 0.32 2.33 3.70  311 0.39 1.17 0.06 131 191 0.39 117 2.45 0.53 34.4 2.00 0.22 15.7 16.6 2.86 14.2 

Table 39 - Measured concentration of elements in SF5 hydrogeochemical batch reaction fluids from interaction with BS and KC core samples, after 28 days. values in mg/l, N=1 for all samples  BS = Bowland shale, KC = Kimmeridge shale (see 

section 10.1). 

160 days 

 Ag Al As B Ba Cd Ca  Co Cr Cu Fe K Li Mg Mn  Mo Na Ni Pb S Sr Ti V Zn 

BS_core LOD 879 0.10 3.92 2.56 0.03 515 0.29 1.29 0.00 166 196 0.45 91.7 1.98 0.03 57.6 0.86 1.28 75.8 2.72 2.54 2.76 0.59 

KC_core 0.18 2250 0.95 7.02 8.31 0.43 421 0.85 3.16 0.53 330 439 0.94 251 5.84 1.48 65.8 5.17 0.54 150 7.52 10.2 30.0 25.9 

Table 40 - Measured concentration of elements in SF5 hydrogeochemical batch reaction fluids from interaction with BS and KC core samples, after 160 days. values in mg/l, N=1 for all samples  BS = Bowland shale, KC = Kimmeridge shale (see 

section 10.1). 

161 days 

 Ag Al As B Ba Cd Ca  Co Cr Cu Fe K Li Mg Mn  Mo Na Ni Pb S Sr Ti V Zn 

BS_core LOD 881 0.07 4.01 2.61 0.03 526 0.29 1.28 0.00 168 197 0.46 92.3 1.98 0.03 57.7 0.88 1.30 79.7 2.77 2.58 2.76 0.56 

KC_core 0.11 2310 0.87 6.69 9.72 0.46 457 0.80 3.31 0.15 319 464 0.99 265 5.87 1.39 68.3 4.31 0.49 102 7.93 10.4 32.0 28.0 

Table 41 - Measured concentration of elements in SF5 hydrogeochemical batch reaction fluids from interaction with BS and KC core samples, after 161 days. values in mg/l, N=1 for all samples.  BS = Bowland shale, KC = Kimmeridge shale (see 

section 10.1). 
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SF5 - MS core / BS-Upper & -Lower Outcrop 

30 days 

 Ag Al As B Ba Cd Ca  Co Cr Cu Fe K Li Mg Mn  Mo Na Ni Pb S Sr Ti V Zn 

MS_core 0.11 1230 0.67 4.69 8.33 0.18 634 0.57 1.86 0.07 305 290 0.56 333 5.24 5.15 66.3 5.70 1.03 124 5.98 2.39 18.8 15.8 

BSL_outcrop 0.30 1580 0.28 5.70 14.48 0.14 1100 0.65 2.61 1.21 337 301 0.96 228 93.6 0.07 43.0 3.39 0.37 67.7 18.8 2.14 5.17 8.73 

BSU_outcrop LOD 1110 0.05 3.01 6.42 0.04 1160 0.37 2.81 0.00 155 218 0.46 1350 25.3 0.05 34.8 0.89 0.78 29.4 9.73 2.41 7.33 5.39 

Table 42 - Measured concentration of elements in SF5 hydrogeochemical batch reaction fluids from interaction with BS and MS outcrop samples, after 30 days. values in mg/l, N=1 for all samples  MS – Marcellus shale, BS = Bowland shale, 

KC = Kimmeridge shale (see section 10.1). 

40 days 

 Ag Al As B Ba Cd Ca  Co Cr Cu Fe K Li Mg Mn  Mo Na Ni Pb S Sr Ti V Zn 

MS_core 0.13 1440 0.62 5.34 15.0 0.18 633 0.65 2.13 0.15 335 322 0.61 348 5.41 5.20 67.6 6.67 1.19 175 6.13 3.40 21.1 15.9 

BSL_outcrop 0.32 1710 0.36 6.16 14.7 0.14 1100 0.72 2.73 2.61 359 317 1.03 235 94.9 0.09 45.3 4.11 0.45 117.4 18.8 2.94 5.40 8.76 

BSU_outcrop  1040 0.06 3.11 5.98 0.04 1030 0.46 2.63 0.27 160 203 0.44 1200 23.0 0.06 32.6 1.29 0.78 54.6 8.88 2.55 6.78 4.84 

Table 43 - Measured concentration of elements in SF5 hydrogeochemical batch reaction fluids from interaction with BS and MS outcrop samples, after 40 days. values in mg/l, N=1 for all samples  MS – Marcellus shale, BS = Bowland shale, 

KC = Kimmeridge shale (see section 10.1). 
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Between 28 and 160 days much greater concentration differences were observed than 

between 28 and 40 days. SF5-KC and SF5-BS were both core samples of UK shales, 

however reacted quite differently to the addition of 10% HCl solution. Ag, Cd, Ti and V 

were only measured in the 160 days samples to temporal comparison cannot be made for 

these elements. However, concentrations of Ti and V were highest in SF5-KC fluids after 

160 days than any others at 10.4 mg/L (Ti) and 31.6 mg/L (V). 

Similar trends between SF5-KC and -BS are present for the release of all elements except 

As, Ca, Co, Fe, Pb, Sr and Na. These elements show conversely increasing or decreasing 

trends depending on the shale sample – with BS typically exhibiting negative 

concentration trends with time, and KC positive (Figure 46). 

Samples collected 1 day apart between 160 and 161 days were taken to determine the 

change in elemental concentration over a short time period after prolonged shale–fluid 

exposure had already taken place. This scenario mimics a short term refracturing, where 

fresh fluids are injected to refracture a well which has already been in long term contact 

with injected fluids and fractured shale. This short term temporal sample was only 

collected from the SF5-KC and SF5-BS experiments.  

Trends were much less severe than between longer term temporal samples, see Figure 46 

(132 day sampling period) and Figure 47 (1 day sampling period). Typically SF5-KC 

contained higher concentrations of all elements except Pb. 

Increasing Ca concentrations and decreasing S in SF5-KC fluids were the most notable 

change taking place between 160 and 161 days – potentially signalling the short term 

dissolution of carbonate minerals by fresh acidic fluids, and the formation of sulphate 

salts removing S from solution. Sampling and the addition of fresh HCl fluids expose the 

rock:water batch solution to increased free oxygen which can encourage sulphate salt or 

scale formation.  
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Figure 46 – comparison of the elemental concentration in fluids sampled from SF5 experiments after 28 and 160 days (PH_BGS - Bowland 

Shale and KC_EB - Kimmeridge Clay samples).  
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Figure 47 – comparison of the elemental concentration in fluids sampled from SF5 experiments after 160 and 161 days (PH_BGS - Bowland 

Shale and KC_EB - Kimmeridge Clay samples).   
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Figure 48 - Correlation matrix showing the Pearson product moment correlation values between each variable in the SF5 data. Bototm-Left  

gives r values and top  right shows strength of correlation by colour scheme displayed by temperature bar on right. Correlation data has 

been grouped by hierarchical clustering to order elements by association of correlation coefficient. 
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Summary of SF5 Results: 

• Greatest concentrations of most elements measured in SF5 experiments – greater 

acid concentration as additive releases more constituents into solution. 

• Fluids sampled from reaction with MS core have notably high Mo concentrations 

compared to other SF5 experiments 

• Sr is highest in fluids reacted with BS outcrop samples (both upper and lower BS) 

– perhaps correlated with sample depth or source, but most likely related to 

carbonate content 

• Fe and S show good correlation (0.79) across all SF5 experiments as with SF1 – 4 

experiments;  as do Mn, Sr and Ca; B and Li; and Al, Cd, K, As, V and Zn (Figure 

48). 

• Mg is highest in experiments with BS-U shale 

• For most elements experiment duration increases concentration in sampled fluid 

(except Ba which decreases with time in all SF5 experiments)  

• Heavy metals detected in greater concentrations in SF5 experiments than in SF1-

4 experiments 
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12.2.3 Ion Chromatography 

Analysis of the concentration of certain elements and compounds including Cl, Br, Fl, 

NO2, NO3, PO3, SO4, in sampled waters was not possible on the ICP-OES due to poor 

reproducibility and insufficient instrumental sensitivity. Particularly, in the case of Cl the 

diagnostic ICP-OES wavelength is easily absorbed by other molecules before detection. 

Therefore Ion Chromatography was used to determine concentrations of these 

components. 

Fluid samples from experiments SF1, SF4, and SF5 were analysed on the IC and results 

are displayed on p178. NA denotes no observable peak during measurement which 

indicates that the element is below the limit of detection. 

Fluoride is detected at 0.36 ppm in the SF1-MS experiment but 3.01 ppm in the SF5-KC 

experiment, suggesting Fl concentrations may be proportional to fluid acidity. Generally 

the Fl concentrations in SF1 fluids are the lowest (0.36-1.37 ppm), with the SF4 

concentrations slightly higher (0.46-2.89 ppm) and the SF5 concentrations the highest of 

all (2.31-3.01). The WHO advised limit for Fl in drinking water is 1.5 mg/l (Liteplo et al., 

2002), expected surface water concentrations are between 0.01 ppm and 0.3 ppm, while 

seawater concentrations average 1.2-1.5 ppm. The largest Fluoride concentration 

measured was in the SF1 control experiment (4.18 ppm). 

Chloride ranged from 0.66 ppm (SF1-MS) to 634 ppm (SF4-BS). No Cl was detected in 

both SF5 fluids, which is unexpected as these experiments were conducted with 10% HCl 

reaction fluid. Background concentrations of Cl between 0.60 and 0.73 ppm were 

detected in control SF1 experiments. Cl was distinctly variable depending on shale sample, 

with variances across orders of magnitude even between the SF1 experiments. SF1-MS 

experiments reflected background concentrations (0.66-0.73 ppm), SF1-KC experiments 

contained Cl at an orders of magnitude greater (3.12-3.73 ppm) and SF1-BS experiments 

yielded Cl concentrations at an order of magnitude greater still (28.5-41.4 ppm). In SF4 
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experiments the Cl concentrations differ according to shale sample, in the range of 543 

ppm and 634 ppm, however the difference between experiments is less pronounced. The 

differentiation between Cl concentrations by shale sample is less marked in SF4 

experiments. 

Nitrite (NO2
-) is present above 1ppm only in experiments SF4 and SF5 (those conducted 

with acidized reaction fluids). It is present in SF1-BS at a concentration of 0.417 ppm. In 

SF4 experiments it is concentrated between 5.50 and 8.52 ppm. In the two SF5 

experiments samples it is measured in much greater concentrations of 94,100 ppm and 

94,900 ppm, however the source of this anomaly is unknown. 

Bromide was not detected in most samples, except for both SF1-BS (0.50-0.52 ppm) 

experiments and the SF1-KC control experiment (1.02 ppm). Br was analysed with the 

aim of comparing Br/Cl ratios between experimental and field wastewaters (Johnson and 

Graney, 2015; Vengosh et al., 2015; Rosenblum et al., 2017). Unfortunately, with such poor 

rates of detection this comparison is not possible. 

Nitrate levels are mostly low, around or below 1 ppm for all fluids except those sampled 

from SF5 experiments (6.93-48.8 ppm). Nitrate is highest in SF1-MS and SF4-MS fluids 

and comparable between KC and BS for all except SF5 fluids. 

Phosphate concentrations were detected in seven out of the seventeen samples measured 

on the IC, all below 10 ppm. 1.43 ppm was detected in the SF1-KC control experiment, 

all other concentrations measured were above this background level. No relationship is 

apparent between phosphate and shale sample, reaction fluid or reaction time. 

Background levels of sulphate measured in control experiments were relatively low (0.40-

0.79 ppm) compared to those measured in reacted fluids (13.3-242 ppm). Generally, MS 

experiments in both SF1 and SF4 showed less concentrated sulphate than KC and BS 

reactions under the same experimental conditions. SF5 experiments show the least 

sulphate concentrations of all experiments, despite containing the highest HCl acid 
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concentration in reaction fluid. BS samples generated the highest concentrations of 

sulphate in SF1 experiments (171-222 ppm), while in SF4 experiments KC samples 

exhibited the highest sulphate concentrations (215-242 ppm). In SF5 experiments, KC 

samples led to concentrations of 27.7 ppm, while BS samples generated 13.3 ppm 

sulphate. All sulphate concentrations measured are within suggested drinking water 

secondary maximum contaminant levels (250 ppm) and are therefore unlikely to pose any 

environmental contamination threat, however the concentrations can be indicative of 

oxidation and reduction conditions within each experiment. Sulphide rich minerals such 

as pyrite (FeS2) can release sulphate into solution, acidifying fluids and encouraging the 

release of heavy metals into solution. However, oxidation of organic matter with SO4 can 

lead to release of bicarbonate and elevation of pH (Miao et al., 2012). 
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IC Results 

Experiment Code Days Notes Fluoride (ppm) Chloride  (ppm) Nitrite (ppm) Bromide (ppm) Nitrate (ppm) Phosphate (ppm) Sulphate (ppm) 

SF1-BS 21 powder 
0.69 28.5 NA 0.50 0.56 NA 171 

SF1-BS 21 powder, sub-sampled 7 days 
0.73 41.4 0.42 0.52 NA NA 222 

SF1-BS 21 control 
4.18 0.73 NA NA 0.42 NA 0.40 

SF1-MS 28 powder 
0.36 0.66 NA NA NA 1.45 17.5 

SF1-MS 28 control 
NA 0.60 NA NA NA NA 0.79 

SF1-MS 28 powder, sub-sampled after 24h 
NA 0.73 NA NA 1.21 NA 28.0 

SF1-KC 28 control 
NA 0.78 NA 1.02 NA 1.43 0.52 

SF1-KC 28 powder 
0.46 3.12 NA NA 0.67 NA 57.1 

SF1-KC 28 1 mm chips 1.37 3.73 NA NA 0.78 NA 159 

SF4-BS 29 0.125% HCl 2.59 634 6.19 NA 0.55 1.57 194 

SF4-BS 56 0.125% HCl 1.14 633 7.42 NA 0.59 NA 227 

SF4-MS 29 0.125% HCl 
1.05 543 7.87 NA 1.25 NA 61.7 

SF4-MS 56 0.125% HCl 
0.73 587 8.52 NA 1.17 8.79 59.5 

SF4-KC 29 0.125% HCl 
0.72 549 5.50 NA 0.42 2.64 215 

SF4-KC 56 0.125% HCl 
1.19 613 6.61 NA 0.53 NA 242 

SF5-KC 28 10% HCl 
3.01 NA 94900 NA 6.93 3.81 27.7 

SF5-BS 28 10% HCl 
2.31 NA 94100 NA 48.8 4.17 13.3 

Table 44 - measured ion concentrations of a select number of unacidified samples collected from hydrogeochemical batch reactions.
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13 Discussion  

 

13.1 Shale Gas in the UK  

 

Gas currently provides the UK with around 30% of its energy, offering a dependable 

source of heat, fuel and electricity to 80% of the UK’s 25 million homes. In 2019, 40% 

of the UK’s electricity was generated from gas (Department for Business Energy & 

Industrial Strategy, 2019). It is an important feedstock for many chemicals and petroleum 

by-products such as plastics, however it is also a finite ‘fossil’ fuel resource. Gas is a light 

hydrocarbon that is combusted, generating energy and releasing, water and carbon dioxide 

(CO2) which is emitted to the atmosphere, increasing global atmospheric CO2 levels.  

Carbon dioxide is a key atmospheric gas, reflecting and absorbing infrared radiation from 

the sun to maintain the global surface temperature of the planet. However, since the 

advent of large scale hydrocarbon combustion in the industrial revolution, our 

anthropogenic contribution to the CO2 concentrations in the atmosphere has been 

steadily increasing, from an average of 315 ppm in 1959, to 408 ppm in 2018 (Tans and 

Keeling, 2019). 

The UK currently imports 46% of its natural gas from Europe, with 21% sourced from 

Norway and 36% from Russia (Department for Business Energy & Industrial Strategy, 

2017). Gas produced indigenously does not require international transportation, and has 

an inherently lower carbon footprint than any imported gas. The carbon footprint of shale 

gas is comparable to that of conventional gas, lower than Liquified Natural Gas (LNG), 

and much lower than that of coal (MacKay and Stone, 2013). The UK’s main source of 

indigenous fuel is currently North Sea oil and gas reserves, where resources are mature 

and technology is well developed, however recently there has been a movement to explore 
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the UK’s ‘unconventional’ hydrocarbon resources following the success of their 

exploitation in the USA. The dominant fuel in the USA has shifted in recent years away 

from coal, towards natural gas which became more economical to exploit due to 

advancements in technology and engineering.  

Shale gas, or natural gas trapped in shale rocks, is produced using ‘unconventional’ 

methods. Although these methods are termed ‘unconventional’ they are used widely in 

hydrocarbon engineering in both conventional and unconventional settings to enhance 

the recovery. 

Hydraulic fracturing is an unconventional exploitation method, where fluid is pumped 

underground to generate and enhance fractures in the brittle and tightly structured shale 

rock, allowing trapped gas to flow out. To generate the high pressures required to 

overcome the mechanical strength of the rocks and generate fractures, large volumes of 

water are required to carry out this process in relatively short periods of time. 
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13.2 Fracturing Fluids 

 

Fluids injected to create the pressure required to undertake fracturing, which can be 

freshwater, saltwater, recycled or reused fluids are mixed with a number of chemicals 

carefully chosen to streamline the fracturing process. These chemicals control fluid 

viscosity, inhibit the formation of bacteria or scale, control or adjust pH, and supress 

corrosion, among a number of other important tasks. A wide variety of chemicals are 

utilised in the USA to perform hydraulic fracturing, with specific combinations and 

chemical formulations protected from public knowledge by law as they can directly affect 

shale gas recovery rates. Guidelines introduced in 2015 by the US Environmental 

Protection Agency (USEPA) require companies operating on public land to disclose what 

chemicals they are using in the ‘Fracfocus Database’ (www.fracfocus.org). This has made 

it easier for the EPA to monitor the environmental impact of operations as they can focus 

their monitoring on chemicals disclosed for use.  

In the UK, only a small number of chemical additives are permitted for use by the 

Environment Agency; a dilute hydrochloric acid (maximum 10% concentration) which 

acts as a solvent and as a control on pH, helping the fluid access the rock and gas in the 

subsurface, and acrylamide which reduces friction with the fluid to minimise the energy 

required to pump the fluid underground. This means that the chemistry of returned fluids 

in the UK is likely to be much less varied than is experienced in the USA where a much 

greater variety of chemicals are used in the process. The chemistry of waste returned from 

hydraulic fracturing is not only influenced by the chemistry of injected fluids. The 

chemistry of the rocks and any inherent subsurface fluids play in important role in the 

composition of the waste too.   



 
 

185 

These carefully curated chemical mixtures are then mixed with a proppant, which ‘props’ 

fractures open to allow gas to flow out. This often takes the form of a natural or 

manufactured pure silica sand with high sphericity. 

The fluid and proppant mixture is then pumped down a drilled well, which extends 

vertically to the target formation before continuing horizontally along the shale laterally 

to maximise contact with the prospective horizon. The farthest section of the well from 

the surface is fractured, or ‘perforated’, first with each subsequent section following back 

towards the well head. Drilling can take 4 weeks, fracturing typically takes up to a month, 

and a well will produce waste water and gas for as long as the well is commercially viable 

before it is shut down and decommissioned – with the entire construction process lasting 

anywhere between 12 and 25 weeks (Department for Communities and Local 

Government, 2013). 
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13.3 Wastewater or Produced Fluids 

 

The composition of wastewaters from hydraulic fracturing in the UK, are often predicted 

be similar to those generated in the USA. Comparison of the geochemical data for 

wastewaters available for both countries shows that some variability exists that could have 

implications for how this wastewater is managed at the surface (Table 45). 

The maximum salinity of wastewaters is higher in the USA (345,000 mg/L) than in the 

UK (210,000 mg/L), however the current UK mean is higher (168,750 mg/L). Salinity is 

controlled initially by the composition of formation water and latterly by the dissolution 

of minerals. When wastewater is first produced, salinity is high, mimicking the 

composition of formation water within the shale. As time passes the salinity lowers the 

chemistry becomes more dominated by the fluid–rock reactions taking place between the 

injected fluids and the shale. Salinity is one of the most expensive components of 

wastewaters to treat, as above 50,000 mg/L only evaporative treatment is effective. The 

levels of salinity in both UK and USA wastewaters are many times that of seawater (35,000 

mg/L) and are therefore energy intensive and costly to treat. The cost of treating saline 

wastewater is proportional to its salinity, and therefore the salinity of recovered wastes 

will impact the overall economic prosperity of any shale gas well (O’Donnell et al., 2018). 

Higher levels of arsenic are reported in wastewaters produced from UK operations than 

in the USA, with a mean of 0.97 mg/L versus a mean of 0.07 mg/L respectively. Arsenic 

is released into wastewaters following the oxidation of pyrite and dissolution of associated 

metal sulphides such as arsenopyrite, galena, and sphalerite. Arsenic water quality limits 

for the UK are currently set at 0.05 mg/L for fresh water, and therefore treatment by 

reverse osmosis, biochar, filtration, or distillation will be required to reduce arsenic levels 

before discharge. Arsenic is associated with organic matter, sulphides and clays in shales 

– and are released into solution during oxidative dissolution, which can be significantly 
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accelerated by microbial action (Paikaray, 2012). Minimising the oxygen content of 

injected waters, and controlling microbial action could reduce the release of arsenic into 

solution. Arsenic, like many of the other heavy metal contaminants, is easily and 

commonly treatable by existing wastewater treatment processes (Barakat, 2011). 

Barium is much lower in wastewaters from the UK (19.0 mg/L UK mean, versus 1076 

mg/L USA mean). While the source of Ba in wastewaters was previously thought to be 

from mixing of saline formation waters containing Ba (Warner et al., 2012; Capo et al., 

2014; Engle and Rowan, 2014), an experimental investigation into the source of Ba 

determined that between 55 and 75% of the Ba is partitioned to clay minerals and released 

over time as injected fluids and shales interact (Renock, Landis and Sharma, 2016). Ba 

and radium (Ra) are geochemically similar. If Ba/Ra waters are also enriched in sulphate 

insoluble barite scale (BaSO4) is formed, sequestering both Ba and Ra from solution. 

Although beneficial to water quality, as dissolved Ba and Ra concentrations are reduced, 

the scale is radioactive and must be managed appropriately to ensure human exposure is 

minimised and release to the environment is prevented. 

Wastewaters from the USA exhibit higher mean concentrations of heavy metals such as 

Cu, Co, Cr, Fe, Ni, and Zn. Heavy metals are released into solution through the 

dissolution of metal bearing sulphides on reaction with O2 rich fluids, increasing metal 

concentrations and dissolved sulphate. Although toxic at high concentrations, metals are 

relatively easy and common to treat, and will be removed as a by-product of liming, 

filtration, flocculation, or distillation. Heavy metals have also been known to be efficiently 

(50-70%) reduced in concentration by reaction with retorted (spent) oil shale which can 

absorb dissolved metals in wastewaters (Pimentel et al., 2010). The fact the heavy metal 

concentrations are lower in the UK means that it is likely their treatment will be addressed 

with ease as a by-product of salinity treatment, or  by existing and effective industrial 

wastewater treatment methods.  



 188 

Much higher sulphate levels were detected in wastewaters from the UK (570 mg/L max.) 

than in the USA (375 mg/L max.) indicating that UK wastewaters have a higher potential 

for sulphate scale formation. Scale can reduce the efficiency and longevity of fracturing 

equipment, impacting the recovery and operational success off a shale gas well (Horner, 

Halldorson and Slutz, 2011). 

The mean concentration of Cl is higher in the UK than in the USA (84, 541 mg/L vs. 

51,714 mg/L), however the maximum reported Cl in USA wastewaters is almost double 

that of the UK dataset (196,000 mg/L vs. 100,000 mg/L). Chloride in wastewaters is 

derived from the dissolution of chloride salts in formation water. It is one of the most 

concentrated elements in oil and gas wastewaters, and along with Na, can constitute more 

than 50% of the total dissolved solids content (Sun et al., 2019). It is a primary challenge 

for wastewater treatment, as the concentrations of Na and Cl render most treatment 

options, except for evaporation methods, ineffective. High concentrations of Cl- can also 

cause corrosion.  

Finally, the pH of wastewaters generated in the UK is lower (5.78) than is typical in the 

USA (7.55). The lower pH of UK wastewaters could impact their ability to be received 

without any pre-treatment at biological wastewater treatment plants – as the microbes are 

sensitive to influent pH. Lower pH wastewaters are also more likely to contain metal and 

other major cations as anion adsorption is more prevalent in acidic conditions (Willis D. 

Weight  P.E., 2019). 

Despite the salinity of wastewaters from shale gas operations being largely similar to that 

of waste produced during conventional hydrocarbons extraction – differences in 

geography play a key role in the challenges of managing these wastes. Waters produced 

offshore from conventional hydrocarbon production are often dispersed and diluted at 

sea with little requirement for any pre-treatment. However the wastes produced onshore 

cannot be diluted or dispersed at sea owing to environmental protection offered by the 



 
 

189 

OSPAR Treaty (Convention for the Protection of the Marine Environment of the North-

East Atlantic, 2007). Therefore wastes generated onshore must be treated and disposed 

of onshore, despite their origin (organic rich rocks in the subsurface) and geochemistry 

(high salinity, heavy metals and naturally occurring radioactive material) being similar.  

 

 

Table 45 – Mean, minimum and maximum concentrations of comparable constituents in wastewaters from shale gas operations in the USA (n 

= 3092) and UK (n=31)  (Madalyn S. Blondes, Kathleen D. Gans et al., 2016). 

 
UK USA 

Minimum 
(mg/l) 

Mean 
(mg/l) 

Maximum 
(mg/l) 

Minimum 
(mg/l) 

Mean 
(mg/l) 

Maximum 
(mg/L) 

pH 5.40 5.78 6.10 3.20 7.55 11.8 

Alkalinity as HCO3- 41.0 81.2  133 76.9 191 440 
Total suspended 

solids 230 1,387 2,600 4.00 316 5,290 

Total dissolved 
solids 94,000 168,750 210,000 221 88,198 345,000 

Chemical oxygen 
demnand 120 1302 3240 10.00 5863 51,000 

Silver  <1.00  0.00 0.04 0.10 

Arsenic 0.48 0.97 1.40 0.01 0.07 0.15 

Barium 9.20 19.03 30.00 0.06 1,076 13,600 

Vanadium  <5.00 0 0.00 0.00 0.00 

Cobalt 0.02 0.04 0.05 0.00 1.43 25.0 

Chromium 0.00 0.05 0.30 0.00 1.80 156 

Manganese 1.60 2.09 2.80 0.01 4.04 24.0 

Iron 4.20 13.42 23.00 0.18 58.3 220 

Mercury  <0.20  0.00 0.00 0.00 

Nickel 0.16 0.32 0.88 0.00 0.94 19.2 

Copper 0.08 0.13 0.30 0.01 0.25 1.57 

Zinc  <0.50  0.04 2.00 182 

Cadmium 0.12 0.12 0.12 0.00 0.03 0.10 

Lead 0.03 0.05 0.05 0.00 0.05 0.65 

Fluoride  <50.0  0.01 3.06 58.3 

Chloride 48,000 84541 100,000 18.0 51,714 196,000 

Sulphate 570 570 570 0.78 58.8 374 

Nitrate  <10  0.02 2.17 15.9 
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13.4 Data Scarcity 

 

In 2016, the USA had 670,000 producing unconventional wells. The UK has fractured 

two wells, neither of which produced gas commercially. The first, located at Preese Hall 

in Lancashire, was drilled and fractured in 2011 before closing down due to issues with 

induced seismicity. The second, at Preston New Road in Lancashire, was drilled in 2017 

and fractured in 2019, with flow testing completed in February 2019. Both of these wells 

were drilled to access prospective shale gas horizons of the Carboniferous Bowland Shale 

rock formation. Cuadrilla Resources undertook sampling and chemical analysis of fluids 

produced at both these wells which is the only ‘field’ data available for wastewaters 

generated by unconventional operations in the UK. Field data for wastewater 

compositions in the UK is very limited in comparison to the USGS database of produced 

water chemistry data for more than 3000 wells (Madalyn S. Blondes, Kathleen D. Gans et 

al., 2016). However even the USA dataset only accounts for 0.5% of all producing 

unconventional wells, therefore more data is essential to improving our ability to analyse 

and understand the environmental risk posed by mis-management of these wastewaters 

(Sun et al., 2019). 

Comparing these two datasets, while limited by the relatively small sample size in the UK, 

offers the only comparison of field data possible between the two countries at this time. 
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13.5 Environmental Impacts: Lessons from the USA 

 

The waste fluids produced during hydraulic fracturing operations have the potential to 

negatively affect the environment in which they are stored, treated and disposed of if they 

are not managed effectively. The environmental legacy of operations in the USA, 

including pollution of surface water, reduced efficiency at wastewater treatment plants, 

and seismicity induced by the disposal of wastewater in underground wells has diminished 

the industry’s reputation. There are a number of lessons that the UK can learn from the 

legacy of operations in the USA. 

 

• Salinity will be high due to the mixing of injected fluids and inherent formation 

brine, regardless of the mineralogical composition of the shale. This salinity will 

pose a greater challenge to the UK industry as regulations prohibit the injection 

of waste underground for disposal, as is commonplace in the USA. This means 

that all waste will have to be treated before it can be released or reused, adding 

significant energetic and economic costs to the process in the UK.  

• The fewer additives permitted for use in the UK will most likely simplify the 

geochemistry of waste generated, and could reduce the overall variability of the 

chemistry of waste from well to well. Wastes are more likely to be predictable if 

limited chemical additives are permitted for use, rendering management simpler 

in the UK than in the USA where any number of undisclosed additives can be 

present in wastes.  

• The pH of wastewaters restricts their ability to be received at non-specialist 

biological treatment facilities in the UK. Treatment at non-specialist works in the 

USA has caused significant environmental degradation and any UK facility should 

learn from the well documented cases in the USA. 
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The waste fluids produced during hydraulic fracturing operations have the potential to 

negatively affect the environment in which they are stored, treated and disposed of if they 

are not managed effectively. The environmental legacy of operations in the USA, 

including pollution of surface water, reduced efficiency at wastewater treatment plants, 

and seismicity induced by the disposal of wastewater in underground wells has diminished 

the industry’s reputation. 

Hydraulic fracturing for shale gas in the UK will take place under different environmental, 

geological, regulatory, and social conditions than in the USA. Due to the lower population 

density in the USA, the surface footprint of operations can be much greater than would 

be possible in the UK where land more densely utilised. It is likely that multiple lateral 

wells would stem from a single vertical well more often in a UK industry – significantly 

reducing the impact of shale gas wells at the surface compared with the USA. 

Water requirements can vary depending on well length, well type, operator specifications, 

rock formation, number of fractured stages and the percentage of onsite water recycling 

taking place. Water use has increased year on year in every USA shale basin except the 

Marcellus, even when normalised to well length or energy recovered, since 2011 

(Kondash, Lauer and Vengosh, 2018). Since more water injected implies more water 

returned as waste, as the industry develops the demand for storage, treatment or disposal 

of wastewater produced at the surface will increase. If water requirements for hydraulic 

fracturing in the UK follows the patterns of the USA, the requirements for effective and 

efficient water management will increase with time. 

The regulations surrounding storage, treatment and disposal of wastewaters produced in 

the UK vary significantly from those in place in the USA. Many of the wastewater 

management practices that are commonplace will not be suited to the UK, such as 

disposal of wastewater in deep underground injection wells, or storage of waste in open, 
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lined pits. Freshwater effluent limits also vary slightly between the USA and the UK 

(p233) and therefore the treatment required before wastewaters can be discharged to 

surface waters will also vary. 

Most wastewater produced in the USA is re-injected into porous rock formations for 

geological disposal, however re-use or recycling of wastewater is more prevalent in states 

where injection is not geologically suitable, such as in the Marcellus Shale (Ma, Geza and 

Xu, 2014). Re-use and recycling of wastewaters for fracturing, other industrial applications 

such as dust suppression or de-icing, or even agricultural irrigation is becoming more 

favourable due to the proven economic incentive offered by secondary use of fluids that 

would otherwise be confined to waste. On site management, including treatment before 

re-use and recycling, is more popular in the USA than off site management. Transport of 

waste off site adds significant cost and carbon emissions that can be avoided by 

conducting the majority of processing onsite. Onsite management requires specialist 

roaming treatment facilities and capability to service the onsite treatment needs of the 

industry. Conversely to the USA, the preferred method of management at present in the 

UK is transportation of waste to an offsite treatment plant. This is due to a number of 

factors, including but not limited to the legality of deep well injection in the UK, the 

availability of capable treatment infrastructure, and a lack of onsite treatment capability.  
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13.6 Experimental Design 

 

Experimental work undertaken for this thesis aimed to determine the geochemical 

influence on the overall chemistry of wastewaters that reactions between shales and 

fracturing fluids have. Novel experimental equipment was designed to react shale samples 

with synthetic fracturing fluids at representative pressures and temperatures in the 

subsurface. The equipment tested the interaction of distilled water and shale samples from 

a variety of geological settings and depths from both the UK and the USA. Due to their 

stainless steel construction HCl additive could not be used in these pressurised batch 

reactors without corrosion occurring and contaminating the fluids. Experiments were 

adapted to test the interaction with HCl in polypropylene (PP) to remove the risk of 

corrosion of the metal batch reaction vessels, however these PP vessels could not be 

pressurised. 

Care was taken to ensure the reaction vessels were as representative of conditions in the 

subsurface during hydraulic fracturing as was possible within the restrictions imposed by 

time, sample availability, vessel construction materials, and budget. A number of 

improvements could be made to the experimental set up to increase the 

representativeness of condition. A batch reactor receptive to HCl fluids made from an 

inert material such as gold, or titanium would allow the behaviour of shales with acidized 

fluids to be tested under representative pressure conditions, however these were too 

expensive to be considered for use in this study. Improvements in experimental design to 

enable successful temporal sub-sampling of fluids would enable a time series of chemical 

data to be collected – offering more detailed temporal understanding of the reactions 

taking place. A system similar to the one described in (Marcon et al., 2017a) would 

effectively achieve this, however was outside the budget prescribed for this work. 
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Experiments conducted for this thesis investigated the interaction of hydrochloric acid 

with representative shale rocks for the UK, however the effect of acrylamide or 

polyacrylamide was not investigated as it was outside the scope of this study to analyse 

both organic and inorganic geochemistry in detail. 
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13.7 Shale Geochemistry 

 

Shale samples used for experiments described in this thesis are compared to US 

Geological Survey standard reference material SBC-1 (Figure 49). Samples PH1-6 are 

taken from drill core and cuttings from the PH-1 hydraulically fractured well at Preese 

Hall in Lancashire. KC is taken from drillcore of the Kimmeridge Clay formation from 

the East Brae well and MS was taken from a weathered road cutting sample of the 

Marcellus Shale formation in Pennsylvania, USA. The SBC-1 reference material is a 

Carboniferous marine shale collected from a fresh surface exposure in Greensburg, 

Pennsylvania (USA). Notably, all samples used for experiments greater quantities of 

quartz than the SBC-1 shale reference material. Since quartz is understood to be relatively 

stable below temperatures of 100oC it is not expected to play a major role in reactivity 

reactions between shales and synthetic fracturing fluids. Greater quantities of quartz 

indicate lesser proportions of minor minerals available to react with fracturing fluids, but 

also infer better mechanical conditions for fracturing as quartz rich or silicified shales tend 

to be easier to fracture (Jafary Dargahi, 2013). Ultimately, shale mineralogy impacts the 

geochemical reactivity of the rock, however reactive minerals may not be the predominant 

source of many of the constituents dissolved in wastewaters. 

The geochemical behaviour of minerals at the surface can provide insight into probable 

subsurface reactivity, however the elevated temperatures and pressures experienced by 

rocks and fluids deep in the subsurface may alter mineral behaviour. Some rocks 

preferentially dissolve under increased pressures and temperatures, while for others 

dissolution declines under the same physical conditions (Hong et al., 2018).  Experiments 

conducted at elevated temperatures and pressures, representative of subsurface 

conditions during fracturing, were designed to investigate the contribution of minerals to 

the chemistry of wastewater and to better understand the reactions taking place. 
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The mineralogy of shale samples vary geographically, by shale basin, with depth within a 

single shale unit, and between difference facies. The mineralogy of any shale unit 

determines the major elements available to react with fracturing fluids during hydraulic 

fracturing. 

 

 

 

Figure 49 – percentage mineralogical composition of shale samples compared with the mineralogy of SBC reference material. 

 

13.7.1 Silicate & Clay Minerals 

The three most abundant minerals across all samples used for experiments in this study 

are quartz, illite and muscovite. The greatest abundance of illite and muscovite are 

detected in the MS sample, with 18 ± 1 wt. % and 13.0 ± 0.8 wt. % respectively (mean ± 

s.d. wt %). Both illite and muscovite are clay minerals typically formed from the 
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weathering of other primary minerals and their greater abundance in the MS sample 

material is likely due to surface weathering, as MS was collected from a fresh cutting at a 

quarry.  While the MS sample contains the least quartz (50 ± 1.9 wt. %), PH2 contains 

the greatest with 79 ± 1.4 wt. %. PH2 also shows low clay mineral content, indicating 

lesser overall weathering, and a more mature sedimentary system, which is consistent with 

a drillcore source.  

Zr and Ti are typically fractionated by sorting that during sediment transport. Zirconium 

is typically contained with Zircons associated with SiO2 minerals (quartz and feldspars), 

whereas Ti is typically found associated with clay materials in sediments with smaller grain 

sizes (Garcia, Coelho <, & Perrin, 1991).  

 

13.7.2 Carbonate Minerals 

All samples collected for reactivity experiments contained relatively little carbonate 

minerals, with PH6 containing the most; 14 ± 0.88 wt. % calcite. KC contains just enough 

dolomite to reach the detection limit of XRD (1 ± 0.23 wt. %), and MS contains no 

detected carbonate at all. In all other samples carbonate content ranged between 2 ± 0.23 

and 3 ± 0.27 wt. %. Carbonate content plays an important mechanical and chemical role 

in gas shales. Carbonate content can infer good fraccability, similarly to quartz content 

(Jafary Dargahi, 2013), but also acts as the main chemical buffer to acidity in fluids which 

can increase dissolution of minerals susceptible to interaction with acids.  

Carbonate content is a proxy indicator of the neutralising capacity of the rock in acidic 

fluids. During interaction with fracturing fluids shales may experience chemical 

weathering at increased rates with respect to natural or surface conditions. Pyrite 

oxidation, degradation of clay material, and carbonate dissolution can alter the chemistry 

of the rocks and fluids underground, with potential to release constituents of concern to 

the environment should they be managed poorly.  
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The lack of carbonate material detected by XRD in these samples suggests that, compared 

to other more carbonate bearing shales, they may have less capacity to neutralise acidic 

conditions caused by the oxidation of pyrite leading to hyper-acidic fluid conditions. This 

would further increase the rate and penetration of chemical weathering into the rock 

matrix leading to dissolution of a higher volume and suite of contaminants to be released 

into solution. Low carbonate content in gas shales could result in a greater environmental 

threat from waste fluids produced at the surface by offering limited buffering capacity to 

acidic fluids and therefore greater dissolution of minerals susceptible to acidic conditions.  

 

 

13.7.3 Trace element Geochemistry 

XRF analysis of shale samples offered insight into the major and trace chemical 

constituents present. The suite of elements detected reflects the variety of constituents 

available to be released into solution during water rock interaction experiments. As 

expected, the major elemental chemistry largely mirrored the elemental components of 

mineralogy detected by XRD with no anomalous elements or concentrations. The minor 

or trace chemistry was dominated by the presence of Ba, V, Zr and Sr. Ba and Sr are often 

found in high concentrations in wastewaters from the USA and are thought to originate 

from clay material (Figure 50), released on interaction with high ionic strength injected 

fluids (Renock, Landis and Sharma, 2016).  

The overall mineralogical distribution obtained by XRD analysis provides insight into the 

geological history and weathering conditions of each sample, however this mineralogical 

profile alone it is not enough to offer a thorough understanding of water rock reactions 

taking place during fracturing.  
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Figure 50 – Schematic indicating the potential sources contributing Ca, Sr, Ba, Ra to the chemistry of produced water. Image reproduced from 

(Renock et al., 2016). 

 

 

13.7.4 Reactive Surface Area 

Mineral reaction rates are strongly linked to the available reactive surface area at the 

rock/water interface, which can be highly variable depending on grain size, mineralogy, 

oxide coating, weathering history, or biological effects (Brantley, White and Hodson, 

1999). Surface area can be estimated by calculating the dimensions of the geometric shape 

of grains, or more precisely quantified by gas adsorption – however neither can quantify 

the reactive proportion of the mineral surface area which can anything from one to three 

orders of magnitude lower than physical surface areas (White and Peterson, 2009). 

Depending on the distribution and orientation of minerals within a shale matrix, the 

surface area of a sample at the molecular level can vary significantly – with discernible 
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effects on the actual or modelled geochemical reactivity (Pearce, Turner and Pandey, 

2018). Reactive surface area and the kinetic rate constants of components in the system 

strongly influence the rate and extent of reactivity between any injected fluid and a shale. 

Due to the heterogeneity of physical and reactive surface area within fractures, accurately 

accounting for these effects at the laboratory scale was not feasible. To maximise the 

opportunity to access reactive material within each shale sample, rock powders were used 

in batch reaction experiments. A single batch experiment compared the effect of powder 

vs. shale chips on the chemistry of fluids produced during experiments. While chipped 

shale material has a macro-scale surface area more close to that of fractures, reactivity was 

much higher when shale samples were powdered, giving greater chance of accessing the 

full heterogeneity of the shale composition and improving the chances of reaction taking 

place within the experimental timeframe. Dissolved constituents measured in sampled 

fluids were between 0.2 and 5 times more concentrated when shale material was powdered 

versus when the shale material was in 1 mm chips. 
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13.8 Analytical Sensitivity 

 

Following the batch reaction experiment conducted with 1 mm chips of KC shale 

material, and distilled water at elevated temperature and pressure (SF1); the remnant solids 

were collected, crushed, milled and pressed for comparative analysis by XRD. The results 

of this comparative analysis are displayed in Figure 51 & Figure 52. After consideration 

of the analytical error a 0.6 wt.% change in quartz abundance was measured, with a greater 

relative percentage of quartz detected in fluids after the reactivity experiment. This may 

be due to a decrease in abundance of other minerals leading to a calculation of a greater 

proportion of quartz overall by semi-quantitate XRD analytical software.  

Of the shale material analysed following the batch reaction experiment, only 6 minerals 

are detected, whereas 9 minerals were present in unreacted shale. Orthoclase, carnallite 

and colomite were detected in unreacted shale material, however were not present after 

reaction, indicating either dissolution or presence below the detection limit of XRD 

analysis (<1%), perhaps due to mineralogical heterogeneity within the shale sample. 

Dissolution of carnallite is plausible under experimental conditions since evaporite 

minerals easily dissolve in water (Tavares et al., 2018). Dolomite is known to dissolve in 

water at low temperatures by the mechanism described in Equations 15 & 16 (Zhang et 

al., 2007): 

 

 CaMg(CO3)2 (s) = MgCO3 (s) + Ca2+ + CO3
2- 15 

 Mg(CO3)2 (s) = Mg2+ + CO3
2- 

16 
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Orthoclase, while soluble in water, is more chemically stable than both dolomite and 

carnallite. It can be subject to hydrolysis (see Equation 17) in acidic waters (containing 

excess H+ ions) and due to its monoclinic crystal structure is more soluble than other 

(Na- or Ca-) feldspars.  

 

 
4KAlSi3O8 + 4H+ + 2H2O = 4K+ + Al4Si4O10(OH)8 + 8SiO2 

orthoclase + hydrogen ion + water = potassium ion + kaolinite + quartz 

17 

 

Apart from these three minerals, all other change in mineral abundance was within the 

analytical error of the XRD technique. Overall, due to the lack of precision offered by 

XRD, it is limited in the evaluation of rock water reactions during experiments as changes 

in rock and fluid chemistry may be taking place at less than the 1% detection limit of the 

XRD technique. More detailed geochemical analysis was required to analyse the rock 

water reactions taking place during experiments, and hence XRD was not used for any 

further analysis. 

 

 

Figure 51 – Results of comparative XRD analysis of Kimmeridge Clay shale material before and after reaction with distilled water at 

reservoir temperatures and pressures (excluding Quartz). 
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Figure 52 – Results of comparative XRD analysis of Kimmeridge Clay shale material before and after reaction with distilled water at 

reservoir temperatures and pressures (Quartz only). 
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13.9 Controls on fluid chemistry during hydraulic fracturing  

 

Aside from the geochemical reactions between shales and injected fluids during 

fracturing, mixing between injected fluids and inherent pore or formation water contained 

within shales exerts a dominant control on the major geochemistry of fluids generated 

(Barbot et al., 2013; Capo et al., 2014; Stewart et al., 2015; Phan et al., 2016). The trace 

element geochemistry of wastewaters is more likely to be influenced by shale–fluid 

interactions observed in these experiments which are discussed in this section.  

 

13.9.1 Inorganic carbon 

The acidity of natural water systems is predominantly controlled by the inorganic carbon 

system or carbonate weathering. In experiments which are open to atmospheric exchange, 

and therefore able to continually dissolve CO2, this is likely the key driver of acidity 

generation and mineral dissolution. The inorganic carbon system is governed by the 

following three reactions which describe the dissolution of atmospheric CO2 in water to 

produce carbonic acid (Equation 18). Carbonic acid dissociates to create bicarbonate and 

excess H+ ions, reducing the fluid pH (Equation 19). Eventually bicarbonate can 

dissociate to generate carbonate and hydrogen ions (Equation 20).  Low pH fluids can 

induce silicate, carbonate or sulphate mineral dissolution – releasing greater volumes of 

rock forming elements into experimental fluids.  
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 CO2(g) + H2O = H2CO3(aq) 
18 

 H2CO3(aq) = HCO3
- + H+ 19 

 HCO3 = CO3
2- + H+ 20 

 

 

13.9.2 Dissolution and precipitation 

Carbonate, silicate and sulphide minerals dissolve in the presence of weak acids and 

oxygen releasing their constituent ions into solution, and sometimes forming secondary 

minerals. Calcite, dolomite and potassium feldspar dissolve to release ions into solution 

and produce secondary mineral products (e.g. potassium feldspar degrading to kaolinite 

and quartz, see Equations 21-23). Chlorite, while less reactive than other minerals, releases 

Mg and Si congruently under elevated temperature conditions. Typically calcite dissolves 

most easily and rapidly in acids, followed by feldspars and micas, however exact reaction 

kinetics are affected by a number of factors and can be difficult to predict in natural 

systems. The extent of dissolution of each mineral present depends on the duration of 

contact, and the saturation of the fluid with respect to these minerals.  

 CaCO3 + H+ = Ca2+ + HCO3
-
 

21 

 CaMg(CO3)2 + H2CO3 = Ca2+ + Mg2+ + HCO3
- 22 

 KAlSi3O8 +H2CO3(aq)+H2O = K++Al2Si2O5(OH)4+SiO2+HCO3- 23 
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13.9.3 Cation exchange and adsorption 

Charged mineral surfaces can attract or release ionic species into, or out of, solution. Clay 

minerals such as illite, muscovite and kaolinite are particularly prone to attracting cations 

due to their strong negative surface charge. If cations from the clay surface are exchanged 

for those in solution due to differential strengths of ionic attraction this is termed cation 

exchange. Clay minerals depend to host different ions depending on their environment 

of formation (Na+ on marine clays and Mg+ or Ca+ on terrestrial) and readily exchange 

these on interaction with a high ionic strength solution. Cation exchange can occur during 

or after mineral dissolution as ions released into solution can be exchanged with those in 

place, or adsorbed onto free surfaces. High pH waters encourage cation adsorption, and 

conversely low pH waters tend to be higher in dissolved cations, with anions (except SO4) 

commonly low or absent all together.  

 

13.9.4 Redox reactions 

The last way minerals and fluids are likely to interact in the subsurface during fracturing 

is through redox reactions, whereby electrons are transferred from one species to another. 

During pyrite oxidation, iron sulphide reacts with oxygen and water to release iron, 

sulphate and protons (hydrogen ions) into solution. The release of hydrogen ions reduces 

the fluid pH and can drive the dissolution of other mineral species susceptible to low pH 

fluid conditions (Equation 24). Pyrites are often found in association with other metal 

sulphides that can undergo similar oxidation reactions to release a variety of metals into 

solution e.g. arsenopyrite (arsenic), galena (lead), sphalerite (zinc), chalcopyrite (copper), 

etc.  

 FeS2 + O2 + H2O = Fe(OH)3(s)+ SO4
−2 + H+ 24 
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The hierarchical clustering of the elements detected in experimental solutions illustrates 

three key groups or ‘clusters’ of elements which are released into solution on interaction 

with (A) sulphides, (B) carbonates, or (C) silicates (Figure 53). The release of metal and 

sulphate ions into solution by the oxidation of sulphide minerals is likely responsible for 

the varying concentrations of Cu, Ni, Mo, Pb, Co, As, Fe and S (as sulphate) in 

experimental solutions. As oxygen was freely available within the experimental systems in 

SF2 and SF3 experiments, these elements are generally more concentrated in these metals 

as a result of increased sulphide oxidation.  

The dissolution of carbonates by acidic fluids releases Sr, Mn, Ca, Zn and Mg into solution 

at varying concentrations depending on the carbonate mineral composition and extent of 

dissolution. As the dissolution of carbonate minerals can also buffer the fluid pH – the 

amount of constituents released through carbonate dissolution depends on the limit of 

the buffering capacity (or bicarbonate formation capacity) of the shale.  

Silicate minerals such as quartz, feldspars and clays can be dissolved by injected fluids to 

release Al, Ba, K, Na, Li and Cr into solution. Clays such as illite and kaolinite are 

responsible for the cation exchange of Na, K, and Al into solution, while feldspars 

degrade to secondary minerals such as quartz and kaolinite as well as releasing elements 

into solution. 
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Figure 53 – Hierarchical cluster analysis illustrated by grouping of correlated elemental concentrations from whole rock digestions and 

their relative grouping strength. 

 

13.9.5 Duration 

Most experiments were conducted for a period of four weeks to mimic the typical length 

of a fracturing job and the residence time of fluids in the subsurface. Although 

experimental equipment was designed to enable temporal sub-sampling of the fluids 

throughout the experiments – this was not widely achieved due to blockages in the 

sampling pipework. 

During the SF1 experiment with Marcellus Shale, a single temporal sample was retrieved 

after 24 hours at reservoir pressures and temperatures. This sample had higher or the 

same concentrations of all elements except Al, in comparison with concentrations in the 

fluids sampled from the same experiment run for four weeks Figure 54. A similar 

experimental study to this that successfully achieved sub-sampling throughout, concluded 

that the majority of chemical reactions took place within the first 24-72 hours, with 

(B) carbonates 
(A) sulphides 

(C) silicates 
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concentrations of most elements at their peak during this time (Marcon et al., 2017b). 

Marcon et al. derived that the initial spike and subsequent reduction in concentrations of 

constituents indicated primary dissolution followed by secondary mineral precipitation 

and scavenging of dissolved elements. It is unclear from the limited temporal sub-

sampling data  for these experiments whether secondary precipitation was taking place – 

however many flowback fluids have been known to exhibit oversaturation with respect 

to secondary minerals therefore depending on kinetic limitations secondary precipitation 

is plausible (Paukert et al., 2015; Paukert Vankeuren et al., 2017). Kinetic effects of pressure 

on precipitation of barite scale have been known to slow formation by up to two orders 

of magnitude under experimental settings (Bhandari et al., 2016), and therefore the 

pressure conditions could be inhibiting secondary mineral precipitation from taking place. 

If pressure is inhibiting precipitation during SF1 batch reactions, then it follows that when 

sampling any supersaturated minerals would be most likely to form after the initial 

sampling period when fluids return to ambient pressure and temperature conditions. 

Samples were acidified immediately on collection with HNO3 to maintain dissolution of 

components in solution for analysis. 

The SF1 experiment with Bowland Shale material was sub-sampled successfully after a 

week and then again after 4 weeks. Figure 55 shows the difference in concentrations 

between the two samples. Unlike the constituents detected in fluids sampled after 24h in 

SF1-MS, all elements are either equal or greater in concentration after 4 weeks in 

comparison with the fluids sampled after 1 week. This suggests that, in concurrence with 

the Marcon et al. study, dissolved constituents have stabilised or continue to be released 

following the initial period of reactivity in the first 24 – 72h of mixing. If secondary 

precipitation was occurring throughout the experiment duration, a drop in some 

elemental concentrations would be expected as they are scavenged from solution to form 

precipitates.  
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The elements that continued to change concentration in solution were the major rock 

forming elements Ca, Mg, K, Na, Si, as well as some minor elements such as B, Ba, Fe, 

Sr and Zn gradually increasing – suggesting continual dissolution of rock forming 

minerals throughout experiment duration.  

 

 

Figure 54 – Relative concentration after 24 hours relative to 4 weeks, for detectable elements where ratio >1.0, normalised to 4 week 

Concentrations in mg/L. 

 

 

Figure 55 – Plot of concentrations of elements which are higher after 4 weeks than when sampled after 1 week. Concentrations in mg/L. 
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13.9.6 Temperature 

Temperature had a significant effect on the concentration of elements released into 

solution during the interaction of shales and injected fluids. Temperature comparison 

experiments were conducted at ambient pressure, in experimental equipment that was not 

sealed from the surrounding atmospheric oxygen, resulting in significant pyrite oxidation, 

fluid acidity, and the associated dissolution of Na- and Ca- bearing carbonate and silicate 

minerals. Iron (393 ppm), cobalt (0.90 ppm), copper (1.51 ppm), and nickel (2.80 ppm) 

were most concentrated in fluids sampled from high temperature, ambient pressure 

experiments in comparison to all other experimental conditions – suggesting that the 

potential to dissolve heavy metals into solution is greatest when elevated temperatures 

accelerate the oxidation of sulphide minerals (Figure 57). 

The only element released into solution above 5 mg/L in ambient pressure and 

temperature experiments was calcium (Figure 56), most likely derived from the reaction 

between calcium carbonate, atmospheric carbon dioxide (carbonate weathering) which is 

known to readily take place under atmospheric conditions, at rates proportional to 

temperature.  
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Figure 56 - Concentration of major elements measures in solution after experiments conducted at ambient (21°C) and reservoir (65°C) 

temperatures (n=1). 

 

 

Figure 57 - Concentration of minor elements measures in solution after experiments conducted at ambient (21°C) and reservoir (65°C) 

temperatures (n=1). 
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13.9.7 Pressure and available oxygen 

Experiments conducted in Swagelok pressure rated stainless steel are closed batch 

reaction systems, however the fluids injected to pressurise these containers are somewhat 

oxygenated as they are not purged prior to injection – similarly to fracturing fluids 

pumped into wells in the field. The solubility of oxygen in water is proportional to 

pressure increase and therefore any oxygen in the batch reactors will be more likely to 

dissolve in pressurised systems than in any of the batch reactions at atmospheric pressure. 

The maximum dissolved oxygen concentration in atmospheric pressure batch reactors is 

9.2 mg/L, whereas in the batch reactors pressurised to 1500 psi (103 bar) the maximum 

dissolved oxygen concentration is closer to 1100 mg/L. Higher temperature waters 

restrict the dissolution of oxygen so counter the effects of pressure, however the influence 

of pressure on the oxygen solubility is more dominant.  

Dissolved oxygen in water encourages oxidation of mineral species, which can often 

release hydrogen ions, lowering the pH. Pyrite, formed alongside organic matter and often 

correlated with gas in shales, was observed using a SEM microscope to be framboidal in 

texture – resulting in a very large surface area. Pyrite is easily oxidised in water in the 

presence of O2 to release sulphate, iron and hydrogen ions, reducing the solution pH. It 

has been suggested that this reaction could actually help improve shale gas recovery rates, 

as dissolution of pyrite (which tends to form closely with organic matter) could increase 

access to gas within the fractured shale (You et al., 2017). 
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Figure 58 - Concentration of major elements measured in experimental fluids after 1 month under varying pressure conditions. 15 PSI = 

ambient (SF2), and 1500 psi = elevated pressure (SF1). 

 

Figure 59 - Concentration of minor elements measured in experimental fluids after 1 month under varying pressure conditions. 15 PSI = 

ambient (SF2), and 1500 psi = elevated pressure (SF1). 
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representative reservoir pressures (Figure 58 & Figure 59). This is most likely an effect of 

the available oxygen in the two batch reactor systems and not a direct effect of pressure 

kinetics on mineral fluid reactions. The only available oxygen in pressurised experimental 

systems was that carried by the injected fluids, however in low pressure batch reactions 

the seals were found to be faulty resulting in free oxygen exchange throughout the 

experiment duration. This available oxygen most likely enabled the oxidation of pyrite 

(evidenced by high Fe and S concentrations in low pressure experimental solutions), 

generating acidic fluid conditions and driving the dissolution of other minerals. As 

adsorption is more prevalent under alkaline conditions, it is expected that cation 

concentrations will be higher in low pH fluid systems. 

Ca (138 ppm), Mn (3.77 ppm), and Sr (2.67 ppm) are also higher in the low pressure 

experiments indicating dissolution of carbonate mineral phases – which are easily 

dissolved under weak acidic conditions. In order to compare the results of experiments 

at reservoir and ambient pressure conditions, equipment that ensures no atmospheric 

exchange was required.  

Overall, greater concentrations of dissolved elements were measured in batch reaction 

experiments conducted at ambient pressures than at reservoir pressures. This is likely due 

to batch experiments at ambient pressures in plastic or borosilicate glass being more 

oxygen rich than experiments conducted in sealed stainless steel pressure rated 

equipment. There was no headspace or free air present in the stainless steel batch reactors, 

unlike the PP vials and borosilicate glassware which both contained air in their headspace. 

Batch reactions in PP vials were most susceptible to oxygen exchange, with between 5 

and 60% evaporation occurring from within the vial during the experimental run. These 

experiments are least likely to represent subsurface conditions due to the degree of oxygen 

exchange and ambient pressure conditions. Quickfit borosilicate glassware vessels did not 

allow exchange of oxygen with the atmosphere, however they dud did have ~25 ml 
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headspace containing ambient air. As mains water used for synthesising fracturing fluids 

is already oxygenated, purging the headspace with N2 or any inert gas would reduce the 

free oxygen in the system and limit oxidation.  

 

13.9.8 pH 

Additional aliquots of fluid, separate to those collected for ICP-OES analysis, were 

collected and their pH measured at one-minute intervals over a 10-minute period. These 

data can indicate whether mineral dissolution or precipitation taking place in the period 

following sampling, when pressure conditions are reduced and kinetic effects are altered.  

In oxidising conditions, shales containing high surface area framboidal pyrite will form 

sulphate, dissolved iron and sulphur, releasing excess H+ ions. This reduces the pH and 

causes dissolution of acid sensitive minerals such as silicate and carbonate minerals, 

increasing the concentration and variety of elements in solution. Impurities and secondary 

elements contained within or associated with major minerals are released in to solution in 

much smaller concentrations than the major elemental components – altering the minor 

geochemical signatures of fluids. These minor geochemical components are not present 

at concentrations high enough to influence the overall geochemical profile of fluids. 

The pH of fluids reacted with KC chips was higher than that in the fluid reacted with KC 

powder. This implies that a greater volume of acidizing reactions were able to take place 

when material had a greater reactive surface area made available by the powdering of the 

sample. Overall, the pH of fluids reacted with KC sampled were the highest, which 

correlates with the highest carbonate mineral content measured in any of the SF1 samples 

(1 ± 0.2% dolomite). It is likely that dissolution of the dolomite buffered the production 

of acid generated by the oxidation of pyrite (4 ± 0.4% in KC). 

The pH in SF1-MS was the lowest of all three batch reaction fluids, despite containing no 

pyrite and one of the lowest sulphur contents. Additionally, the pH of fluids sub-sampled 
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after 24h was even lower than the batch reactor which remained closed for 4 weeks, 

indicating early acid conditions in the batch system. MS is predominantly composed of 

quartz and muscovite, with the highest clay content of any SF1 sample (~33 %). The clay 

minerals kaolinite, illite and chlorite are susceptible to degradation when in contact with 

acidic fluids (Simon and Anderson, 1990) – making them more likely to release dissolved 

solids into solution under acidic conditions. 

The greatest variance in pH measured between two fluids reacted with the same shale 

sample is in SF1-BS batch reactions. The 1 week SF1-BS sample had a pH of 6.3 and the 

4 week SF1-BS fluid had a pH of 7.8 in comparison with the control which had a pH of 

7.3. Similarly to the SF1-MS experiment, the fluid sampled at the 1 week mark had a lower 

pH than the fluid sampled at 4 weeks, indicating early acidic conditions. After five 

minutes, the pH of SF1-BS samples (both 1 week and 4 week fluids) converged at 7.6, 

while the control had dropped to 6.3. It is unclear what caused the pH of the SF1-BS 1 

week fluid to rise immediately following sampling, it is possible that the geochemical 

mechanisms driving the pH down, such as oxidation, cease to be dominant once the 

pressure is reduced. It is also possible that pressure could be inhibiting dissolution of 

some mineral phases within the sample, that become more readily dissolved once pressure 

is reduced. For example, limestone is less susceptible to dissolution when pressure and 

temperature increase, however conversely dolomite dissolves more readily (Hong et al., 

2018). 

The pH of wastewaters from hydraulic fracturing could impact their ability to be received 

at wastewater treatment plants in the UK. Biological water treatment utilises bacteria and 

micro-organisms to break down the organic material in wastewater, however their health 

is severely impacted by acidic waters. Biological treatment systems are easily damaged by 

acidic or high salinity waters, two common features of wastewaters from hydraulic 

fracturing. Acidity may have to be treated before waters can be received at existing waste 
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treatment facilities or specialist infrastructure will be required at additional cost. Liming, 

or the addition of calcium or magnesium carbonate to acidic waters can neutralize pH, 

whilst also effectively reducing dissolved metal mobility (Jeng, 1992; Pearce, Turner and 

Pandey, 2018). 

 

 

Figure 60– The pH of experimental fluids measured over time (1-minute intervals) from moment of sampling high pressure and temperature 

experiments (data automatically temperature compensated by instrument). SS = indicates ‘sub-sampled’ after 24 hours or 1 week and 

therefore exposed to atmospheric exchange before full experiment duration.  

 

13.9.9 Organic Carbon 

Organic carbon in shales can drive microbial activity, scavenging oxygen from the 

subsurface environment. Many of the reactions controlling pH, and affecting the 

dissolution of minerals are directly linked to oxygen content, and therefore could be 

slowed by high microbial activity. Temperature can increase microbial activity to certain 

point, before the temperatures become generally hostile to such organisms. 
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Microbes can metabolise organics within wastewaters, contributing to the formation of 

and breaking down chemical components in fluids. Limited strains of microbes can 

survive in this environment as they must be resistant to temperature, dissolved metals, 

high salinity and changes in pressure, however some have been observed in a number of 

studies (Mohan et al., 2013; Morono et al., 2019). 

Organic carbon is common in hydraulic fracturing wastewaters can cause fouling during 

membrane desalination if not treated (Shaffer et al., 2013). An additional targeted 

treatment step for organics which uses activated carbon or aerated degradation will be 

required before desalination can take place by membrane methods (Butkovskyi et al., 

2018).  

 

 

13.9.10 Hydrochloric Acid 

The use of HCl additive in synthetic fracturing fluids mobilised significantly more 

elements from the experimental system than any reaction without. Even in experiments 

where only 0.125% HCl was added to the fluid (SF4), notably greater concentrations of 

elements such as Al, B, Ba, Cu, Li, Pb, Zn were detected where in experiments without 

HCl (SF3) these were much lower or negligible (Figure 61 & Figure 62). In SF4-MS and 

SF4-BS some concentrations of elements decreased with time, however most in SF4-KC 

increased. This implies that reaction progression with time is not uniform and does 

depend – to some extent – on shale composition.  

In SF5 experiments with 10% HCl, the longer a batch reaction was left to run for, the 

more elements were released into solution, insinuating that an equilibrium between the 

synthesised fracturing fluid and the rock was not reached in either a 4- or 7-week period. 

This implies that should SF5 fluids spend a greater period of time downhole, they would 

inherit greater and greater concentrations of dissolved constituents, until a chemical 
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equilibrium was reached. However the results of SF4 suggest that at lower HCl 

concentrations this may not always be the case, and dissolution may be limited by shale 

composition.  

 

Figure 61 – Comparison of the concentration of minor elements in solution after reaction with differing concentrations of hydrochloric acid.  

 

 

Figure 62 - Comparison of the concentration of major elements in solution after reaction with differing concentrations of hydrochloric 

acid. 
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The addition of varying amounts of hydrochloric acid (HCl) from the minimum 

permissible concentration (0.125%) to the maximum (10%) illustrates the effects of using 

varying concentrations of fluid additives on the resultant wastewater chemistry. 

Hydrochloric acid is a strong and soluble acid, which is used in hydraulic fracturing to 

improve dissolution and increase the access of fractures to the rock mass. For this reason, 

it was expected to increase the concentrations of most solutes in experimental fluids 

proportionally to its concentration.  

Experiments conducted with 10% HCl released the highest concentrations of all 

constituents of concern into solution with a few notable exceptions of Fe, S, Mn, Co, Cu 

and Ni. These elements are released into solution by the oxidation of pyrite and other 

metal sulphides and the subsequent dissolution of Ca- bearing mineral phases which was 

enabled by the free exchange of atmospheric oxygen within the SF2 experiment. In SF4 

and SF5 experiments, the concentrations of major rock forming elements (Al, Ca, K, Mg, 

Na and Si) were highest of any experimental conditions, with Sr, B, Ba, Pb and Zn present 

at higher trace concentrations than in any other experiment.  

Concentrations of dissolved constituents increase with time as a well produces gas and 

wastewater (Barbot et al., 2013), however the volumes of wastewater produced by a well 

drop off with time (Kondash, Albright and Vengosh, 2017b). This means that there will 

be a high volume of low salinity wastewater generated in the immediate period following 

fracturing, with a much lower concentration of high salinity wastewater to follow. As 

fluids spend longer in the subsurface they have more time to react with the rock and 

dissolve minerals into solution. Additionally, as time passes most of the injected water 

becomes imbibed into the shale and the fluids returned at the surface are only made up 

of formation water (Osselin et al., 2018). This well reported field occurrence matches with 

the limited batch reaction data in this study, and concentrations of most elements increase 

with contact time with the rock when a higher concentration HCl additive is used. When 
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no additives of lower concentration additive is used, the elemental concentrations are 

much more variable with time, and generally concentrations of most elements are much 

lower.  

 

13.9.11 Shale heterogeneity 

 

 

Figure 63 - Comparison of the minor elemental composition of shale samples taken from the same horizon within the same core, but from two 

storage locations. Variability indicates the heterogeneity of shale even with sampling horizons.  

Significant heterogeneity exists even within samples collected from the same horizons 

within the two sets of shale quarter cores (Figure 63). Trace elements, while on the whole 

comparable, vary by up to 500 ppm in some samples.  Ternary plots (Figure 64 & Figure 

65) compare the trace geochemistry of experimental shale samples to US shales. 

Experimental shales exhibit higher quartz and feldspar and lower carbonate content than 

is seen in a range of US samples. Despite heterogeneity, which will affect the trace 

geochemistry of shales and resulting fluids, the composition of major elements in shales 

that are available to react with injected fluids are largely comparable. Key reactions that 

affect fluid chemistry involving calcite, pyrite, feldspars and clays can be expected to take 
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place to a greater or lesser extent depending on their prevalence and exposure in the 

subsurface. These will affect fluid chemistry to a stronger extent during latter stages of 

fluid production when the majority of formation mixed fluids have already been returned.  

 

 

 

Figure 64 – Content of silicate (Qtz) plus feldspar (Fsp) and carbonate plus clay for shale samples in this study (left) compared to the USA 

(aggregate shale mineralogy data, right). Data for USA reproduced from (Chermak and Schreiber, 2014). 

 

Figure 65 – Ternary plots of relative proportion of Illite, Kaolinite and Chlorite clays in samples collected for this study (left) compared to 

aggregate shale data from the USA (right). Plot on right of shale mineralogy reproduced from (Chermak and Schreiber, 2014). 
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The Marcellus Shale sample was taken from a quarry in the USA and the BS-U and BS-L 

samples were taken from field exposures in England. Generally, the surface samples were 

much less reactive in batch experiments than the core samples. In SF1, despite exhibiting 

a much lower fluid pH than the other experiments, SF1-MS fluids exhibited some of the 

least concentrated elemental signatures. MS may have spent a significant amount of time 

exposed to weathering at the surface before being collected for sampling. Although every 

effort was made to remove outer oxidised layers, the many of the minerals that would 

have reacted in batch reactions may have already dissolved out from prolonged surface 

exposure. In SF5 experiments the BS-U and BS-L fluids were similarly depleted in all of 

the major rock forming elements, however fluids reacted with BS-U and BS-L contained 

much higher Mn than any other samples. BS-U and BS-L were also high in Sr, which 

tends to associated with Ca, Mg and Ba in calcareous rocks (Salminen et al., 2005). It is 

possible that the surface exposures of the Bowland Shale contain more calcareous 

minerals than the core samples as calcareous content varies widely within the formation 

– which is evident even in samples taken from differing core depths. Samples taken from 

core were able to be correlated with well logs, and fracturing data making them the most 

likely to be representative of downhole conditions. At the start of experimental work, the 

only sample of Marcellus Shale available was from a surface exposure, and the sample of 

core material was not received until near the end of experimental runs. 

Overall, samples from core will be much more representative of the geochemistry of 

downhole shales, however they are harder to access and more expensive to obtain. Any 

further experimental work to determine geochemical reactivity between shales and 

injected fluids should be carried out with core samples from prospective shale gas zones 

wherever possible.  
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13.9.12 Experimental geochemistry vs field geochemistry  

 

Figure 66 - Experimental versus UK field concentration for key elements (means) with reference to SF5 standard. 

The concentration of trace elements measured in UK field samples are comparable to 

those generated during SF5 experiments with a few notable exceptions (Figure 66). Ba 

was ten times more concentrated in field measurements than in experiments, whereas the 

metals Pb, Cr, Co, Ni and Zn were more concentrated in experiments than in field 

samples. The ratio of fluids to shales, the reactive surface area of powdered samples, and 

the lack of pore or formation water present affects the comparability of experiments to 

field measurements.  

Although distilled water is the base fluid used in experiments, the proposed base fluid for 

hydraulic fracturing in the UK is local mains water, or even groundwater if the correct 

abstraction permits apply (UK Department of Energy and Climate Change, 2014). As 

distillation removes minerals, bacteria, and chemicals from the water, it is likely that the 

base fluid utilised in operations will contain a greater number and concentration of 

components affecting the chemistry of fluids returned. Distilled water was chosen for its 
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purity, so even trace amounts of contaminants released during reactions could be detected 

above a relatively low ‘background’ fluid. Additionally, at depth in the sub surface, shales 

contain inherent formation water and pore fluids not present in any of the samples utilised 

for these experiments due to drying out during storage at the surface. Both the lack of 

pore and formation water, and the use of distilled water as a base fluid, affects the 

comparability of experimental results with field data. 
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13.10 Experimental Summary 

 

Experiments conducted for this thesis showed that under a variety of pressure and 

temperature conditions the composition of fluids after reaction with shale samples was 

dominated by the chemistry of the major rock forming elements. Trace elemental 

chemistry of these fluids was more susceptible to variation than any major element, 

however overall, concentrations of elements detected were much lower than in field data 

from the UK or the USA. Reactivity was lower in experiments with fluids containing no 

additives, than those conducted with a varying concentration of HCl. HCl encouraged 

dissolution of minerals, releasing a much wider variety and stronger concentration of 

elements into solution than when they experiments were conducted without any additives. 

Under reservoir pressure and temperature conditions the most concentrated elements 

released into solution were Ca, K, Mg, Mo, Na, S and Si. None of these elements are of 

any particular treatment concern, and all at concentrations well below the current EU 

drinking water quality limits. 
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14 Conclusions 

 

The main findings of this thesis are:  

• Disposal options for wastewater produced by onshore oil and gas operations in 

the UK are limited by restrictions on the underground disposal of waste. 

• The predicted geochemistry of waste generated by hydraulic fracturing in the UK 

is treatable by existing methods, however this will cost between 2 and 26% of 

expected well revenue – with additional fees of up to £163,450 applicable for 

waste containing NORM. 

• The UK has limited treatment capacity at present, with no dedicated facilities, 

which could pose a threat to a rapidly growing industry. 

• Constituents of concern in wastewater produced by hydraulic fracturing must 

come from either the rock, the formation water, the injected fluids, or the 

chemical products generated during the interaction of these components. 

• Industry disclosure of chemical use and data availability in the USA has enabled 

environmental regulators and treatment professionals to develop effective waste 

management practices for these wastes. 

• Limited chemical additives are permitted in the UK in comparison with the USA, 

implying that the chemistry of wastes produced in the UK will be less influenced 

by injection fluid additives and their chemical by-products. 

• The salinity of wastes will influence the economic viability of any well. 

• Available oxygen during experiments significantly increased the dissolution of 

rock forming minerals into solution and therefore the concentration of 

constituents within experimental wastes. Minimising the oxygen content of 
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injected fluids could limit dissolution, oxidation, microbial action and ion 

exchange in the subsurface during fracturing.  

• Heavy metal concentrations in UK field and experimental wastewaters are lower 

than those detected in the USA, well within treatable limits. 

• Chloride concentrations in UK field wastewaters indicate salinity could be a 

significant treatment challenge. 

• pH of wastewaters in the UK is lower than those measured in the USA – with 

impacts for receipt at non specialist treatment plants. 

• Surface footprint of UK operations will be lower than in the USA. 

• Most wastewater in the USA is reinjected for disposal, whereas this is not 

permitted in the UK, and treatment will be needed to manage all wastes produced. 

• Silicate minerals were most abundant in shale samples however relatively 

unreactive, with very little Si measured in synthesised wastes. 

• Clay minerals such as illite and muscovite represent up to ~ 10% of each shale 

sample and are the key driver of ion exchange between shales and injected fluids 

during fracturing. 

• Carbonate minerals, while higher in US field shales, were mostly low in samples 

used for experiments in this study (< 3%). Carbonate minerals dissolve in the 

presence of HCl – releasing rock forming elements into solution such as Mg, Ca, 

etc. But they also act as a buffer to the acidic conditions created through the 

oxidation of pyrite and dissolution of CO2 during fracturing. 

• The fracturing of lower carbonate content shales could result in greater 

concentration of constituents of concern being released into solution due to the 

lower buffering capacity of the rock. 
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• The trace geochemistry of shale minerals is dominated by Ba, V, Zr and Sr – Ba 

and Sr are particularly prevalent in USA wastewaters (released from exchangeable 

clay sites), however were not released at comparable levels in experiments. 

• Surface area, as expected, significantly affected the concentration of elements 

released into solution – with powdered shales releasing between 0.2 and 5 times 

more constituents into solution than chipped shales. 

• The major control on geochemistry of wastewaters produced during hydraulic 

fracturing is the mixing of inherent formation or porewater with injected fluids 

and their respective chemical by-products. The interaction between injected fluids 

and rock forming minerals is more likely to influence trace geochemistry.  

• Temporally sampled fluids suggest an initial period of reactivity (~24h) releasing 

the majority of constituents into solution, followed by a scavenging of key rock 

forming elements such as Ca, Mg, K, Na, and Si up to one week after.  

• Over a longer time period, these same elements are continually released into 

solution at concentrations that eventually exceed those measured after 24h.  
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15 Appendices 

15.1 Table of Common Hydraulic Fracturing Additives 

ADDITIVE PURPOSE1,2 MAIN COMPOUND(S) 

ACID1,2,3,4 Cleans up perforation intervals of cement and drilling 
mud prior to fracturing fluid injection, and provides 
accessible path to formation. 
 

Hydrochloric acid or 
muriatic acid 

BIOCIDE1,2,3,4 Inhibits growth of organisms that could produce gases 
(particularly hydrogen sulfide) that could contaminate 
methane gas. Also prevents the growth of bacteria which 
can reduce the ability of the fluid to carry proppant into 
the fractures. 
 

Glutaraldehyde 

BREAKER1,2,4 Reduces the viscosity of the fluid in order to release 
proppant into fractures and enhance the recovery of the 
fracturing fluid. 
 

Ammonium persulfate 

CLAY STABILISER2,4 Prevents swelling and migration of formation clays which 
could block pore spaces thereby reducing permeability. 
 

 

CORROSION INHIBITOR1,2,3,4 Reduces rust formation on steel tubing, well casings, 
tools, and tanks (used only in fracturing fluids that 
contain acid). 
 

N, n-dimethyl fomamide 

CROSSLINKER1,2,4 The fluid viscosity is increased using phosphate esters 
combined with metals. The metals are referred to as 
crosslinking agents. The increased fracturing fluid 
viscosity allows the fluid to carry more proppant into the 
fractures. 
 

Borate salts 

FRICTION REDUCER1,2,3,4 Allows fracture fluids to be injected at optimum rates and 
pressures by minimising friction. 
 

Polyacrylimide or Mineral 
oil 

GEL1,4 Increases fracturing fluid viscosity, allowing the fluid to 
carry more proppant into the fractures. 
 

Gura gum or 
Hydroxyethyl 

IRON CONTROL1,2,3,4 Prevents the precipitation of metal oxides which could 
plug off the formation. 
 

Citric acid 

SALTS1,3 Creates a brine carrier fluid. 
 

Potassium chloride 

OXYGEN SCAVENGER1,4 Removes oxygen from the fluids to prevent corrosion of 
infrastructure. 
 

Ammonium bisulphate 

PH ADJUSTMENT1,3 Maintains the effectiveness of other additives, such as 
crosslinkers. 
 

Sodium or potassium 
carbonate 

PROPPANT1,2,3,4 “Props” open fractures and allows gas / fluids to flow 
more freely to the well bore. 
 

Silica, quartz sand 

SCALE INHIBITOR1,2,3,4 Prevents the precipitation of carbonates and sulfates 
(calcium carbonate, calcium sulfate, barium sulfate) 
which could plug off the formation. 
 

Ethylene glycol 

SURFACTANT1,2,3,4 Reduces fracturing fluid surface tension thereby aiding 
fluid recovery. 
 

Isopropanol 

 

1 Cook, P., Beck, V., Brereton, D., Clark, R., Fisher, B., Kentish, S., … Williams, J. (2013). Engineering Energy: Unconventional Gas 
Production - A study of shale gas in Australia. Report for the Australian Council of Learned Academics, 252.  
2 Wood, R., Footitt, A., Nicholls, F., & Anderson, K. (2011). Shale gas: a provisional assessment of climate change and environmental 
impacts. Tyndall Centre for Climate Change Research, 2011(January).  
3 Gregory, K. B., Vidic, R. D., & Dzombak, D. A. (2011). Water Management Challenges Associated with the Production of Shale 
Gas by Hydraulic Fracturing. Elements, 7(3), 181-186. http://doi.org/10.2113/gselements.7.3.181  
4 Hurley, T., Chhipi-Shrestha, G., Gheisi, A., Hewage, K., & Sadiq, R. (2015). Characterizing hydraulic fracturing fluid greenness: 
application of a hazard-based index approach. Clean Technologies and Environmental Policy, 18(3), 647-668. 
http://doi.org/10.1007/s10098-015-1054-2
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15.2 UK and USA Water Quality Limits 

Contaminant 

ug/L (unless otherwise denoted) ug/L (unless otherwise denoted) 

UK USA 

Fresh Water Salt Water Drinking Water Drinking Water 

Long-Term 
(mean) 

Short-Term 
(95th%-ile) 

Long-Term 
(mean) 

Short-
Term 

(95th%-ile) 

Prescribed 
Concentration 

Value (PCV) 

Maximum 
Concentration 

Limit (MCL) 

Public Health 
Goal 

Alpha Photon 
Emitters† 

     15pCi/L 0 

Beta Photon Emitters†      4 millirems/yr 0 

Ammonia * ᶲ (unionised)   21  500   

Aluminium◊ᶲ 15  15  200 200  

Antimony†ᶲ     5 6 5 

Arsenic*†ᶲ 50  25  10 10 0 

Asbestos†      7 million fibres 
per litre (MFL) 

7 MFL 

Barium†      2000 0 

Beryllium†      4 4 

Boronᶲ     1000   

Bromate†ᶲ     10 10 0 

Bromine 2 5 none 10    

Cadmium†ᶲ 0.25  0.2  5 5 5 

Chromium (III) *†ᶲ 4.7 32   50 100 100 

Chromium (VI) *†ᶲ 3.4  0.6 32 50   

Chlorine*†◊ᶲ 2 5  10 none 4000 4000 

Chloride◊ᶲ 250000    250000   

Cobalt 3 100 3 100    

Copper*†◊ᶲ 1 (bioavailable) 3.76 where DOC ≤1mg/l 2000 1300 1300 

Cyanide*† 1 5 1 5  200 200 

Fluoride†◊ᶲ 
1000 (<50 mg 

CaCO3/l) 
5000 (>50 mg 

Ca\CO3/l) 

3000 (<50 
mg CaCO3/l) 
15000 (>50 

mg 
Ca\CO3/l) 

5000 15000 1500 4000 4000 

Iron*◊ᶲ 1000  1000  200 300  

Lead†◊ᶲ     10 15 0 

Manganese*◊ᶲ 123 (bioavailable)   50   

Mercury†ᶲ     1 2 2 

Nickelᶲ     20   

Nitrate†◊ᶲ     50000 10000 10000 

Nitrite†◊ᶲ     500 1000 1000 

Radium 226 + 228 †      5 pCi/L 0 

Selenium†ᶲ     10 50 50 

Silver 0.05 0.1 0.5 1    

Sodium ◊ᶲ none 
proposed 

none 
proposed 

none 
proposed 

none 
proposed 

200000   

Sulphate ◊ᶲ 4000000 - 
none 

proposed 
- 250000   

Thallium†      200 0.5 

Uranium†      30 0 

Vanadium 20 (class 1) - 
60 (class 2) 

- 100 -    

Zinc* 10.9 (bioavailable) + ambient 
background 

7.9     

* Water Framework Directive implementation in England and Wales: new and updated standards to protect water environment 
(May 2014) 
† United States Environmental Protection Agency, National Primary Drinking Water Regulations (May 2009) 
◊ Scottish Water – Water Quality Standards Explained, Factsheet 2 (March 2015) 
ᶲ Anglian Water – Drinking Water Standards according to the Water Supply (Water Quality) Regulations (2000) 
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15.3 Monte Carlo Simulation Methods 

Each Monte Carlo simulation was run with 10,000 iterations using R1. The input 

parameters used are listed in the following table, and the input equations are also 

described below. Uniform distributions were assumed between end-member data points. 

Results are presented showing the P2.5, P50 and P97.5 values, therefore indicating the 95% 

confidence interval and the median of each simulation. Cumulative frequency 

distributions (CDFs) are also provided, with the P2.5 and P97.5 values marked in solid colour 

corresponding lines, and the P50 values with dashed lines. 

 

15.3.1 Cost Simulation Results 

Projected Costs ($) P1 P2.5 P50 P97.5 P99 

Reverse Osmosis 814.96 2,701.73 24,846.46 94,815.38 132,904.08 

Mechanical Vapor 
Compression 955.61 3,952.76 50,506.23 196,484.74 270,996.33 

Combined (Eureka 
Resources) 57,815.40 107,683.1 459,472.27 1,376,093.80 1,819,846.90 

 

 

Figure 67 –projected costs for reverse osmosis with mean and median marked 
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Figure 68 – projected costs for mechanicalvapour compression, mean and median marked 

 

Figure 69 – projected costs for combined treatment techniques, mean and median marked 
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15.4 Treatment Technologies: Energy and Cost Intensiveness 

 

15.4.1 Reported Range in Cost of Treatment Techniques 

Treatment 
Source Comparative 

Mean 
units Minimum units Maximum units 

Reverse Osmosis 

<50,000 mg/L 

(Igunnu and Chen, 2014) 

2.16 $/m3 

0.19 

10,000 

mg/L 

$/Bbl 

0.50 

35,000 

mg/L 

$/Bbl 

 
(Harto, 2014) 

2.14 $/m3 0.13 $/Bbl 0.21 $/Bbl 

 
(Mittal et al., 2012) 

5.03 $/m3 0.2 $/Bbl 0.6 $/Bbl 

 
(Alleman and ALL Consulting, 

2010) 12.33 $/m3 0.42 $/Bbl 3.5 $/Bbl 

Mechanical Vapour Compression 

>50,000 mg/L 

(Igunnu and Chen, 2014) 
0.5 $/m3 

0.08 

>40,000ppm 
$/Bbl 0.08 $/Bbl 

 
(Harto, 2014) 

1.32 $/m3 0.21 $/Bbl 0.21 $/Bbl 

 
(Alleman and ALL Consulting, 

2010) 25.16 $/m3 3.00 $/Bbl 5.00 $/Bbl 

 
(Lara, Osunsan and Holtzapple, 

2011) 0.83 $/m3 0.42 $/m3 1.24 $/m3 

Underground Disposal by Injection 
(Harto, 2014) 

1.20 $/m3 0.19 $/Bbl 0.19 $/Bbl 

 
(Hagström et al., 2016) 

16.98 $/m3 0.05 $/Bbl 2.65 $/Bbl 

 
(Jiang, Hendrickson and 

Vanbriesen, 2014) 6.8 $/m3 0.59 $/m3 13.00 $/m3 

 
(Mittal et al., 2012) 

10.50 $/m3 0.07 $/Bbl 1.6 $/Bbl 

 
(Moore, Wang and Acharya, 2010) 

25.16 $/m3 1 $/Bbl 3 $/Bbl 

 
(Fakhru’l-Razi et al., 2009) 

16.98 $/m3 0.05 $/Bbl 2.65 $/Bbl 
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15.4.2 Reported Range in Energy intensity of Treatment Techniques 

Treatment Technique Abbreviation SINGLE VALUE LOW HIGH 

  kWh/m3 kWh/m3 kWh/m3 

Mechanical Vapour Compression 
MVC(Shaffer et al., 

2013) 
13.6   

Mechanical Vapour Compression 
MVC(Shaffer et al., 

2013) 
 10.4 11.2 

Membrane Distillation 
MD(Shaffer et al., 

2013) 
680   

Membrane Distillation 
MD(Shaffer et al., 

2013) 
40   

Multi-Stage Flash Distillation 
MSF(Abdel-Jawad, 

2001) 
 15.32 16.72 

Multi-Effect Distillation 
MED(Abdel-Jawad, 

2001) 
 9.73 13.65 

Mechanical Vapour Compression 
MVC(Abdel-Jawad, 

2001) 
 11 12 

Thermal Vapour Crystallisation 
TVC(Abdel-Jawad, 

2001) 
14.56   

Reverse Osmosis 
RO(Abdel-Jawad, 

2001) 
 2.1 6.4 

Electrodialysis 
ED(Abdel-Jawad, 

2001) 
 2.64 5.5 

Multi-Stage Flash Distillation 
MSF(Al-Karaghouli 

and Kazmerski, 2012) 
 19.58 27.25 

Multi-Effect Distillation 
MED(Al-Karaghouli 

and Kazmerski, 2012) 
 14.45 21.35 

Mechanical Vapour Compression 
MVC(Al-Karaghouli 

and Kazmerski, 2012) 
 7 12 

Thermal Vapour Crystallisation 
TVC(Al-Karaghouli 

and Kazmerski, 2012) 
16.26   

Sea-Water Reverse Osmosis 
SWRO(Al-Karaghouli 

and Kazmerski, 2012) 
   

Brackish Water Reverse Osmosis 
BWRO(Al-Karaghouli 

and Kazmerski, 2012) 
   

Electrodialysis 
ED(Al-Karaghouli and 

Kazmerski, 2012) 
   

Nanofiltration 
NF(Igunnu and Chen, 

2014) 
0.50   

Sea-Water Reverse Osmosis 
SWRO(Igunnu and 

Chen, 2014) 
 2.89 4.21 

Brackish Water Reverse Osmosis 
BWRO(Igunnu and 

Chen, 2014) 
 0.13 0.82 
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Multi-Stage Flash Distillation 
MSF(Igunnu and Chen, 

2014) 
 21.07 29.56 

Mechanical Vapour Compression 
MVC(Igunnu and Chen, 

2014) 
 26.42 66.04 

Mechanical Vapour Compression MVC(Zimerman, 1994) 6.1   

Mechanical Vapour Compression MVC(Veza, 1995)  10.4 11.2 

Mechanical Vapour Compression 
MVC(Aly and El-Fiqi, 

2003) 
 6 16 

Mechanical Vapour Compression 
MVC(Al-Sahali and 

Ettouney, 2007) 
 10 14 

Multi-Effect Distillation 
MED(Al-Sahali and 

Ettouney, 2007) 
15   

Multi-Stage Flash Distillation 
MSF(Al-Sahali and 

Ettouney, 2007) 
18   

Reverse Osmosis 
RO(Al-Sahali and 

Ettouney, 2007) 
5   

Multi-Stage Flash Distillation 

MSF(Al-Karaghouli 

and L.Kazmerski, 

2013) 

 19.58 27.25 

Multi-Effect Distillation 

MED(Al-Karaghouli 

and L.Kazmerski, 

2013) 

 14.45 21.35 

Mechanical Vapour Compression 

MVC(Al-Karaghouli 

and L.Kazmerski, 

2013) 

16.26   

Reverse Osmosis 

RO(Al-Karaghouli 

and L.Kazmerski, 

2013) 

 1.5 2.5 

Electrodialysis 
ED(Al-Karaghouli and 

L.Kazmerski, 2013) 
 0.7 5.5 
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15.5 Reported Range in Water Volumes Required for Hydraulic Fracturing 

 

Location(source) 

Drilling (m3) Fracturing (m3) Total (m3) 

Low / 

Individual 

High Low / Individual High Low / 

Individual 

High 

Barnett(Spellman, 2017) 1818  10,465  12,274  

Fayetteville(Spellman, 

2017) 

273  12,814  13.456  

Haynesville(Spellman, 

2017) 

4546  12,274  16,821  

Marcellus(Spellman, 

2017) 

364  17,275  17,639  

Marcellus(Gregory, Vidic 

and Dzombak, 2011) 

400 4,000 7,000 18,000 7400 22,000 

U.S.A.(Gallegos and 

Varela, 2015)  

    14,000 33,900 

U.S.A.(Gallegos and 

Varela, 2015) 

    10 36,620 

Barnett(Clark, Horner 

and Harto, 2013) 

920  6800 23,500 7720 24,420 

Fayetteville(Clark, 

Horner and Harto, 2013) 

70  14,000 25,400 14,070 25,470 

Haynesville(Clark, 

Horner and Harto, 2013) 

1,080  129,000 334,000 130,080 335,080 

Marcellus(Clark, Horner 

and Harto, 2013) 

670  9900 22,000 10,570 22,670 

Colorado(Goodwin et al., 

2014) 

311 764 10,820 17,184 11,131 17,948 

Colorado(Goodwin et al., 
2014) 

    6365 34,096 

Bakken(Horner et al., 

2016) 

    8728 10,744 

Marcellus(Jiang, 

Hendrickson and 

Vanbriesen, 2014) 

300 380 3500 26,000 2600 21,000 

Marcellus(Kargbo, 

Wilhelm and Campbell, 

2010) 

    9,092 45,461 

Barnett(Nicot and 

Scanlon, 2012) 

  10,600    

Haynesville(Nicot and 

Scanlon, 2012) 

  21,500    

Eagleford(Nicot and 

Scanlon, 2012) 

  16,100    

Marcellus(Vidic et al., 

2013) 

  9,092 31,823   

U.S.A.(Cooley et al., 2012) 182 4546 10,456 17,275   
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Barnett(Nicot et al., 2011)   <4546 36,369   

Haynesville/Bossier(Nicot 

et al., 2011) 

  4546 45,461   

Eagleford(Nicot et al., 
2011) 

  <4546 59,099   

Woodford/Pearsall(Nicot 

et al., 2011) 

  <4546 22,730   

Marcellus(Cooley et al., 
2012) 

  11,365    

U.S.A.(Entrekin et al., 2011)     9,092 31,823 

Poland(Vandecasteele et 
al., 2015) 

    8,000 19,000 

Barnett(Kondash and 

Vengosh, 2015) 

    17,275  

Eagleford(Kondash and 

Vengosh, 2015) 

    16,411  

Fayetteville(Kondash and 

Vengosh, 2015) 

    24,049  

Haynesville(Kondash and 

Vengosh, 2015) 

    19,321  

Marcellus(Kondash and 

Vengosh, 2015) 

    17,73  

Niobarra(Kondash and 

Vengosh, 2015) 

    28,504  

Woodford(Seth et al., 
2013) 

    13,638 36,369 
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15.6 Reported Range in Wastewater Volumes as Percentage of Injected Fluids 

 

Location Low / Individual High Reference 

Marcellus Shale, USA 10 40 Gregory, Vidic & Dzombak, 2011 

USA 5 40 Gallegos et al., 2015 

USA 9 53  

Barnett Shale, USA 60  Nicot et al., 2014 

Marcellus Shale, USA 10 30 NYSDEC, 2011 

Poland 5 50 Vandecasteele et al., 2015 

USA 10 30 EPA, 2012 

 4 40 Li et al., 2017 

 70  He et a.l 2015 

USA 10  Shipman et al., 2013 

USA 10 70 Lester et al., 2015 

USA 30 70 Veil, 2010 
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15.7 Pro-forma of Unconditional Consent for Geological Research Sampling 
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15.8 Comparison of Trace Rock Geochemistry from XRF and Whole Rock Digestion 

 

Figure 70 – Comparison between the analytical results of the same shale sample by XRF and whole rock acid digestion, followed by ICP-OES. 

Grey bars show results obtained by rock digestion and ICP-OES, and white bars show results as per XRF. Results are comparable, with XRF 

overestimating Ba, Cr, Ni and Zn slightly.  
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