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Abstract 45 

A comprehensive programme of baseline groundwater hydrochemical monitoring has been carried 46 

out in connection with the proposed hydraulic fracturing of a 2 to 3 km deep Bowland Shale gas 47 

reservoir in borehole KM8 at Kirby Misperton, North Yorkshire, UK. The monitoring infrastructure 48 

encompassed: five on-site boreholes with hydraulically open intervals ranging from shallow 49 

weathered cover to a c. 200 m deep Corallian limestone aquifer, six off-site wells (hydraulically open 50 

in superficial materials and/or Kimmeridge Clay) and four surface water monitoring stations. 51 

Groundwater chemistry was high stratified with depth, ranging from slightly acidic, fresh, very hard 52 

Ca-HCO3-SO4 waters in shallow weathered cover, to brackish, calcium-depleted, highly alkaline waters 53 

in the Corallian aquifer. Dissolved methane was detected in most boreholes, with 10 µg/L being typical 54 

of shallow boreholes and around 50 mg/L in the Corallian. Low ethane concentrations and isotopic 55 

evidence suggest that the methane was predominantly microbial in origin (carboxylate fermentation 56 

at shallow depth, natural methanogenic CO2 reduction at greater depth). Elevated dissolved ethane 57 

(20-30 µg/L) was found in one well of intermediate depth, suggesting admixture of a possible 58 

thermogenic component, although this could be derived directly from the Kimmeridge Clay 59 

penetrated by the well.  60 

mailto:PhilHam@envireauwater.co.uk
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1. BACKGROUND 61 

The practice of hydraulic fracturing for stimulation of shale gas wells (‘fracking’) has attracted 62 

considerable controversy amongst the public and academia in recent years. Concerns include issues 63 

ranging from (a) additional extraction of new fossil fuel and eventual carbon emission, (b) induced 64 

seismicity, (c) local traffic, noise and visual impact to (d) hydrogeological issues.  These hydrogeological 65 

concerns include potential for groundwater or surface-water contamination (e.g. from subsurface 66 

migration of natural brines or introduced chemicals, or from surface fuel or chemical spillages) and 67 

the migration of natural gas along wellbores or fracture pathways. 68 

Rigorous scientific studies documenting widespread and/or systematic groundwater contamination 69 

from such activities are remarkably few (Osborn et al. 2011, Vengosh et al. 2013, Warner et al. 2013, 70 

Catalyst 2016). A major review by the USEPA (2016) lists certain scenarios where hydraulic fracturing 71 

for hydrocarbons can have hydrogeological impacts, and some cases are documented where well 72 

integrity failure was suspected to have negatively impacted groundwater quality (Bair et al. 2010, 73 

Darrah et al. 2014, Jackson et al. 2013a, USEPA 2015, USEPA 2017). The apparent disconnect between 74 

the findings of scientific studies and the concerns of opposition groups highlights the need for pre-75 

exploitation understanding of natural groundwater quality. In the public consciousness there is a 76 

common impression that groundwater is pristine, sterile and safe to drink. In reality, hydrogeologists 77 

know that groundwater is not so, and may naturally contain problematic solutes such as arsenic, 78 

fluoride, radon or uranium, as studies from the UK (Middleton et al. 2016), Scandinavia (Banks et al. 79 

1995, 1998, Frengstad et al. 2000) and Bangladesh (Shankar et al. 2014, Ahmad et al. 2018, Ali et al. 80 

2019) illustrate. It has also been recognised that dissolved hydrocarbons (e.g. methane) are found as 81 

a naturally-occurring component of many groundwater systems in the UK (Gooddy & Darling 2005, 82 

Darling & Gooddy 2006, Bell et al. 2016, 2017, Teasdale et al. 2018) and elsewhere (Schloemer et al. 83 

2016). 84 

It is understandable that residents near a hydrocarbon exploitation site will suddenly take an interest 85 

in their groundwater supplies and start to analyse them. When undesirable solutes are found in the 86 

water, it is a natural human reaction to ascribe them to industry, rather than to nature. This experience 87 

should underline the absolute need to undertake pre-operational baseline surveys of water quality 88 

(Mair et al. 2012, Vidic et al. 2013, Jackson et al. 2013b, Smedley et al. 2017), to ascertain whether 89 

changes take place due to hydrocarbon exploitation operations and whether any undesirable solutes 90 

in the water have their origin in natural processes or contamination. The European Union SHEER 91 

project developed a code of practice for water monitoring prior to, during and after unconventional 92 

hydrocarbon exploitation, which demonstrated the implementation of this methodology at a shale 93 
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gas hydraulic fracturing site at Wysin, Poland (SHEER 2018, Montcoudiol et al. 2019). Data from the 94 

Kirby Misperton site in the Vale of Pickering, North Yorkshire was also used in 2017 to propose a 95 

methodology for baseline development in a UK context (Hood et al. 2017). 96 

This paper describes the pre-stimulation surface- and ground-water monitoring carried out on behalf 97 

of the operator of the Kirby Misperton KM-8 well in the Vale of Pickering, North Yorkshire, UK (Figure 98 

1). It was proposed to carry out hydraulic fracturing of this well in the Namurian Bowland Shale to 99 

facilitate the production of shale gas. The baseline monitoring continued for a considerable period, in 100 

anticipation of approval being granted to commence hydraulic fracturing operations. In fact, hydraulic 101 

fracturing and production of shale gas were not implemented at the site, and at present there is a 102 

moratorium on hydraulic fracturing for shale gas exploitation in England (Ambrose 2019, UK 103 

Government 2019). 104 

This paper does not seek to defend or oppose the practices of onshore shale gas exploitation in the 105 

UK, nor that of hydraulic fracturing in such contexts. It does, however, present the data set collected 106 

(which can be regarded as a pre-fracking baseline data set) from the Kirby Misperton site, as it 107 

elucidates the complexities of representative data collection and also sheds light on the high 108 

concentrations of (natural) hydrocarbon gases than can exist in undisturbed British groundwater. 109 

  110 
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2. THE SITE 111 

Kirby Misperton lies in the Vale of Pickering, in the English county of North Yorkshire (Figure 1). The 112 

Vale of Pickering is a broad topographic depression between the North York Moors in the north, the 113 

Hambleton Hills in the west, the Howardian Hills to the south-west (all of which are formed by rocks 114 

of the Jurassic age Corallian Group) and the Yorkshire Wolds in the south-east (Cretaceous Chalk). The 115 

Vale is drained by a number of a tributaries of the River Derwent, including the Rivers Riccal, Seven, 116 

Dove and Rye. The land-use is predominantly arable farming. The annual rainfall is 717–987 mm year-117 

1 (based on the 1961-1990 averages) and typically contains (in 2007) around 3 mg L-1 Na+ and 5 mg L-1 118 

Cl-. These concentrations are believed to be multiplied around three-fold by evapotranspiration in the 119 

soil zone during groundwater recharge (Bearcock et al. 2015). 120 

The Pickering area contains some of the UK’s more important onshore natural gas reservoirs, 121 

predominantly associated with Permian Zechstein Group carbonates (Haarhoff et al. 2016, 2018). 122 

These fields were originally operated by Candecca Resources (owned by BP), were transferred in 1992 123 

to Kelt (UK) and were taken over by Viking Petroleum UK in the 2000s. Viking Petroleum changed its 124 

name to Third Energy in 2013. The conventional fields supply gas to an electricity generating station 125 

at Knapton. Two of the operational sites are located at Kirby Misperton: the Kirby Misperton A (KMA) 126 

and Kirby Misperton B (KMB) sites.  127 

The KMA site (Figure 2) is of rectangular shape, bunded, at an elevation of c. +30 m above sea level 128 

(m asl) and is surrounded by predominantly arable farmland. A small intermittently flowing drain, the 129 

Sugar Hill Drain, rises near the outskirts of Kirby Misperton village, runs southward along the western 130 

boundary of the site, and eventually discharges into the Costa Beck, a tributary of the River Derwent. 131 

In 2013, Third Energy drilled a new near-vertical well (KM-8) to 3099 m TVD (true vertical depth) into 132 

the Carboniferous strata underlying the conventional Permian reservoirs at KMA (grid reference SE 133 

7712 7897). A plan was developed to hydraulically fracture the well at five intervals between 134 

approximately 2123 m and 3044 m TVD to ascertain whether natural gas could be produced from the 135 

Carboniferous Bowland Shale Formation (Envireau Water 2017a, Third Energy 2017). Given the 136 

controversy surrounding shale gas exploitation, and as the Vale of Pickering was one of several UK 137 

areas being considered for this type of operation, the British Geological Survey also carried out 138 

regional baseline monitoring in the Vale of Pickering (Smedley et al. 2017). They reported finding a 139 

wide range of hydrochemistry, but prevailing reducing redox conditions and dissolved methane of up 140 

to 37 mg/L in the shallow strata of the area. The data set reported in this paper represents the baseline 141 

and pre-operational monitoring carried out by the operator to fulfil regulatory obligations. It is 142 

recognised that the term “baseline” could be misleading here: the monitoring reported in this paper 143 
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commenced in 2017, long after well KM-8, and the other conventional gas wells (KM-1 and KM-3) 144 

present at the KMA site, were drilled. The data set thus cannot conclusively answer the question of 145 

whether the drilling of these wells led to any impact on the hydrogeological environment: the 146 

monitoring program was designed to document conditions before and during the proposed hydraulic 147 

fracturing of KM-8. In reality, the monitoring commenced in April 2017, three months before 148 

preparatory work at the KM-8 wellhead, and continued while equipment and materials were moved 149 

onto site in preparation for hydraulic stimulation. As has been noted above, for various reasons, the 150 

hydraulic fracturing never took place and we can thus regard the entire data set as a “local baseline” 151 

which supplements and informs the regional British Geological Survey studies. 152 

 153 

2.1 Geological Context 154 

The Vale of Pickering was occupied during the late Devensian by a glacial ice-dammed lake (“Lake 155 

Pickering”), or series of such lakes. The area of the former Lake is blanketed with a cover of laminated 156 

glaciolacustrine clays and silts, with some sands. Silty and sandy material become more prominent 157 

towards the top of the sequence. At the edge of the palaeo-lake, rivers built out deltas, which are now 158 

reflected as fringes of glaciofluvial sands and gravels around the margins of the Vale. Just beyond the 159 

edges of Lake Pickering and in small topographic highs in the central Vale (former islands), the 160 

underlying Jurassic age Kimmeridge Clay Formation is exposed, sometimes draped with remnants of 161 

mid-Pleistocene tills. Indeed, KMA lies on one such “island” within the surrounding Lake Pickering 162 

lacustrine deposits (Ford et al. 2015, Powell et al. 2016). The Pleistocene deposits have been 163 

subsequently incised by the River Derwent and its tributaries, which have deposited strips of alluvium 164 

along the modern river valleys. The total Quaternary cover in the Vale of Pickering can be up to 35 m 165 

thick (Ford et al. 2015, Evans et al. 2017, Lincoln et al. 2017). 166 

The Vale is largely underlain by the upper Jurassic Kimmeridge Clay Formation (a member of the 167 

argillaceous Ancholme Group), a locally silty or sandy fossiliferous marine mudstone, which contains 168 

thin siltstone or cementstone beds and which can be calcareous and have a high kerogen content 169 

(Williams 1986, Trebovillard et al. 1994, BGS 2020). Published mapping does not differentiate between 170 

the Kimmeridge Clay Formation and the underlying Ampthill Clay formation which forms the lower 171 

portion of the Ancholme Group (BGS 2000) and the term Kimmeridge Clay Formation will be used to 172 

describe the combined unit in this paper. This overlies the Corallian Group, which comprises the 9-15 173 

m thick Upper Calcareous Grit Formation (a fine calcareous sandstone), overlying the Corallian Oolite 174 

Formation (50-58 m thick, dominated by oolitic limestones with some calcareous sandstones and 175 

shelly limestones), in turn overlying the Lower Calcareous Grit Formation (15-50 m thick). The Corallian 176 
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Group is underlain by the 20-50 m thick Upper Jurassic argillaceous Oxford Clay Formation (BGS 2000, 177 

Bearcock et al. 2015).  Below this is a thick and variable sequence of Jurassic, Triassic and Permian 178 

sedimentary rocks. The monitored formations (i.e. down to the Corallian) are thus located a 179 

considerable distance above the Carboniferous Bowland Shale reservoir target (2 to 3 km depth). 180 

The Corallian Oolite Formation represents a significant aquifer in the area, whose properties and 181 

hydrochemistry are summarised by Reeves et al. (1978), Allen et al. (1997) and Bearcock et al. (2015). 182 

Its hydrochemistry evolves from fresh Ca-HCO3 groundwater in outcrop and recharge areas to Na-183 

HCO3 waters as it becomes more confined. 184 

  185 
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3. THE MONITORING REGIME 186 

A range of monitoring activities was required in order for Third Energy to operate KMA and to plan 187 

the hydraulic stimulation of KM-8: these included a baseline soil quality survey, a survey of near 188 

surface methane concentrations, monitoring of induced seismicity and surface vibration, regular 189 

physical inspection of containment infrastructure, monitoring of noise, air quality, natural radioactive 190 

substances in aqueous waste streams and onsite gas monitoring (Third Energy 2017a,b; Environment 191 

Agency 2017). A programme of surface- and groundwater monitoring was also designed and 192 

implemented to meet conditions of the permit issued by the Environment Agency (2016) in 193 

accordance with the Environmental Permitting (England & Wales) Regulations 2010. The regulatory 194 

and consultation history can be traced via the Environment Agency’s (2020) online consultation hub. 195 

This study reports the results from the surface water and groundwater component of the monitoring 196 

programme, from April 2017 to June 2018, with extended sampling of on-site wells for methane only 197 

to September 2019. The paper reports only the inorganic chemical and dissolved light hydrocarbon 198 

monitoring data from the study. The full range of other parameters (e.g. organic parameters, not 199 

reported here)  monitored in the groundwater, in accordance with the EA permit, are listed in Table 200 

1. 201 

 202 

3.1 Surface Water Monitoring Stations 203 

Four surface water sampling stations were established. S4 and S1 were the upstream and downstream 204 

locations on the Sugar Hill Drain, immediately north and south of KMA (Figure 2). The Sugar Hill Drain 205 

is part of a large field drainage system, draining terrain comprising low permeability glacial till, 206 

glaciolacustrine deposits and the Kimmeridge Clay Formation. S3 was established on the Ackland Beck 207 

(22 m asl) and S2 on the Costa Beck (22 m asl), which is the largest of the monitored watercourses. 208 

Reported surface water data stretch from April 2017 to May 2018. 209 

 210 

3.2 On-Site Groundwater Monitoring Infrastructure 211 

Five groundwater monitoring boreholes were drilled within KMA in late 2015 (Envireau Water 2017a), 212 

as shown in Figures 2 and 3 and summarised in Table 2. Three of the boreholes (BHA-C) were 11.5 m 213 

deep, with slotted screen straddling the water table within the thin layer of superficial Quaternary 214 

deposits and weathered Kimmeridge Clay. The rest water level in these boreholes was 9.04 to 9.52 m 215 

below well top (23.03 to 23.37 m asl) in April 2016. 216 
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BHD was drilled to 38 m depth and monitors groundwater conditions within the interval 25 to 37 m 217 

bgl, within the unweathered portion of the Kimmeridge Clay Formation. The rest water level in BHD 218 

was 7.26 m below well top (22.38 m asl) in April 2016. 219 

The deep BHE monitors groundwater conditions within confined Corallian aquifer in an open hole 220 

interval between 193 and 222 m bgl (-163 to -192 m asl). The rest water level in BHE was 3.01 m below 221 

well top (26.72 m asl) in April 2016, and the water characteristically evolved visible bubbles of 222 

methane gas, when pumped. Note that static water levels become shallower as the wells become 223 

deeper, suggesting a generally upwards hydraulic head gradient. 224 

Reported data from BHA-BHE cover the period from April 2017 to June 2018, with analyses for 225 

dissolved methane extending to September 2019. 226 

 227 

3.3 Off-Site Groundwater Monitoring Infrastructure 228 

Six off-site wells and boreholes (G1 to G6) were identified at farms and private properties within an 229 

approximate 2 km radius of the well site. These wells and boreholes all occur in a similar geological 230 

situation: depths varied between c. 5 m (G5) and possibly as much as 50 m bgl (G3 and G4). They are 231 

typically installed into Pleistocene lacustrine sediments (of the glacial Lake Pickering) and/or the upper 232 

section of Kimmeridge Clay. Reported data from the off-site wells cover the period from April 2017 to 233 

April 2018. 234 

  235 
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4. METHODS 236 

4.1 Sample aliquots and analysis 237 

Sampling was carried out with reference to British Standard ISO 5667 - Water Quality Sampling. 238 

Sample containers for analytical parameters listed in Table 1 were provided by a UKAS accredited 239 

laboratory: Element Materials Technology (formerly known as Jones Environmental Laboratories and 240 

Exova Jones Environmental).  241 

In the field, sample containers which did not include preservatives were pre-rinsed with sample water. 242 

Sample containers were filled ensuring that no headspace was present. The following aliquots are 243 

typical of those taken during each sampling round: 244 

• 100 ml polyethylene flask, unfiltered but with H2SO4 preservative (1 ml of 19% H2SO4) , for 245 

determination of ammoniacal nitrogen. 246 

• 4 x 40 ml glass vials, with a polypropylene cap and silicone/PTFE septum, for dissolved 247 

gases and other volatile organic analyses. Water for these aliquots was unfiltered and 248 

unpreserved. Vial was filled to top, ensuring there was no headspace. 249 

• 100 ml polyethylene flask, for dissolved metals. Water for these aliquots was filtered using 250 

a 0.45 µm syringe-mounted filter in the field. Nitric acid was then added to the sample 251 

aliquots (1ml of 22% HNO3) to prevent metal sorption and precipitation during transport 252 

and storage.  253 

• 500 ml polyethylene flasks, with samples being unfiltered and unpreserved, for anions 254 

and other parameters. 255 

• Additional aliquots in various glass flasks for organic parameters (not discussed in this 256 

paper). 257 

At the laboratory, the following methods were employed for determination of inorganic parameters 258 

in the water samples: 259 

• Total dissolved solids: by gravimetric determination based on a modified BS 1377-3 1990 / 260 

USEPA 160.3  methodology. 261 

• Total suspended solids: by filtration, drying of residue and gravimetric determination, based 262 

on a modified USEPA 160.2  methodology. 263 

• Dissolved metals: by inductively coupled plasma optical emission spectrometry (ICP-OES), 264 

based on modified USEPA 200.7 and 6010B and BS EN ISO 11885 2009 methodologies. 265 
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• Sulphate, chloride, nitrate, phosphate, ammoniacal nitrogen: by soluble ion analysis using a 266 

Thermo Aquakem Photometric Automatic Analyser, based on modified USEPA 325.2, 375.4, 267 

365.2, 353.1 and 354.1 methodologies. 268 

• pH, alkalinity and electrical conductivity: by Metroohm automated probe and automated 269 

titration analyser. 270 

Methods for other parameters not reported in this paper (e.g. organic compounds) can be found in 271 

Envireau Water (2017b), available via Environment Agency (2020). 272 

 273 

4.2 Surface water sampling 274 

Surface water samples (S1 to S4) were obtained by the use of a sampling pole and clean collection 275 

vessel, rinsed with distilled water between monitoring sites to prevent cross-contamination. Samples 276 

were collected to target the major flow route of the waterbody (i.e., mid-stream, where possible). 277 

Sample water was decanted from the collection vessel into the appropriate sample containers (as 278 

described above) provided by the laboratories. Field determinations of pH, electrical conductivity (EC), 279 

temperature and oxidation-reduction potential (ORP) were made immediately using a calibrated In-280 

Situ SmarTROLL multiparameter device. The ORP was measured using a Pt:Ag/AgCl electrode 281 

combination. According to Striggow (2013), an ORP determined by such an electrode can be converted 282 

to Eh by adding 214 to 220 mV to the ORP value at 10°C, depending on electrolyte strength. 283 

 284 

4.3 Groundwater sampling 285 

Samples were obtained from off-site wells (G1 to G6) either: (i) from the well’s installed pump (many 286 

of the wells serve private farms or residences), or (ii) from the first available tap along the well’s pipe 287 

network (but prior to any treatment system), or (iii) via the use of a disposable single valve bailer. 288 

Samples were collected, following a period of purging, directly into the appropriate sample containers 289 

or, if this was not possible, decanted from a larger collection vessel directly into the sample container. 290 

Field chemistry measurements (pH, EC, ORP, temperature) were made immediately using an In-Situ 291 

SmarTROLL multiparameter device.  292 

For the five on-site boreholes (BHA to BHE), dedicated low-volume pneumatic bladder pumps were 293 

installed in each on-site borehole. Water was discharged at the surface (via the action of a compressor 294 

on the downhole bladder) at a rate of c. 1 L minute-1 through a flow-through cell accommodating the 295 

SmarTROLL multi-parameter device. Water chemistry parameters (pH, EC, ORP, temperature) were 296 
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monitored until stable conditions were achieved, which often took 20-25 minutes. Upon stabilisation 297 

of the field parameters, the flow-through cell was uncoupled and samples were collected directly from 298 

the discharge line of the bladder pump into sample containers.  299 

 300 

4.4 Dissolved methane sampling 301 

Two different sampling methods were employed when monitoring for dissolved methane: the 302 

project’s standard methodology and (on selected samples from BHE) the British Geological Survey’s 303 

“steel cylinder” method (“BGS method”; Bell et al. 2016, 2017, see below).  304 

The project’s standard methodology simply involved the filling of 40 ml vials (glass, with polypropylene 305 

caps and silicone/PTFE septa) directly from the sample line or discharge. For the on-site boreholes 306 

(BHA-BHE), the vials were filled, following stabilisation of field parameters, directly from the discharge 307 

line of the bladder pump, ensuring that no headspace was present, and sealed. For off-site wells and 308 

surface waters, water was collected in the sample vials from the discharge or sample container and 309 

then sealed. The vials were inverted when in transit to the laboratory to minimise the risk of gas loss 310 

through the cap of the vial.  311 

Between April 2017 and April 2018, samples of groundwater for dissolved methane analysis were 312 

taken from borehole BHE (the borehole with the highest dissolved methane concentration) using both 313 

the project’s standard methodology, and additionally the “BGS method”. This involved pumping 314 

groundwater through a double valved steel cylinder (or “bomb”) of c. 50 cm3 volume (Bell et al. 2016, 315 

2017), while endeavouring to ensure that that no gas bubbles adhered to the walls of the cylinder or 316 

connecting tubing, by constantly knocking the tubes and cylinder with a metal tool. After a bubble-317 

free, steady flow had been established through the cylinder, and it had been adequately flushed, a 318 

volume of water was sealed in the cylinder by progressively closing the cylinder inflow and exit valves. 319 

 320 

4.5 Dissolved methane analysis 321 

Samples collected for dissolved methane using the “Project method” were returned to the laboratory 322 

for analysis of methane, CO2 and other light hydrocarbons using their method TM25, using a 323 

headspace gas chromatograph / flame ionisation detector (GC/FID) technique. This technique had a 324 

reporting limit of 1 µg/L, although some blank samples exhibited false detects in the range 3 to 10 325 

µg/L (see Figure 5 and Section 5.1) and the realistic limit of quantification is likely within that range. 326 
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Duplicates of selected samples were also sent to Department of Earth Sciences, Durham University, 327 

UK, for stable isotope analysis on dissolved methane and CO2. The analytical method employed by 328 

Durham University was based on Roberts & Shiller (2015).  329 

The sealed steel cylinders resulting from the “BGS method” were returned to the British Geological 330 

Survey’s Wallingford laboratories. The contents were subsequently analysed by the BGS Wallingford 331 

laboratories, also employing a headspace gas chromatograph / flame ionisation detector (GC/FID) 332 

technique, described by Bell et al. (2017), involving the transfer of the water from the cylinder to a c. 333 

120 cm3 evacuated glass bulb using helium gas. The headspace gas was then admitted, via the 334 

evacuated inlet system of the GC, to a 3.2 mm diameter Porapak-Q packed column at room 335 

temperature. Eluting methane was detected by flame ionisation detection, with a detection limit of c. 336 

0.5 µg/L.   337 

 338 

4.6 Quality control 339 

For every sampling round, at least one sample point was selected for collection of duplicate samples 340 

for every parameter, using identical sampling and preservation methods. These were analysed and 341 

compared with the results of every parameter. 342 

For every sampling round, a set of sample aliquots was prepared in the field using high purity distilled 343 

water, again using identical sample flasks and preservations to the primary water samples. 344 

For every water sample, an ionic balance was calculated between cations and anions as 345 

milliequivalents per litre (meq L-1) of charge. 346 

At the carbon isotope laboratory, control samples of laboratory air and laboratory tap water were 347 

analysed, as part of the laboratory’s standard practice.  348 

  349 
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5. RESULTS  350 

5.1  Quality Control 351 

In the duplicate samples taken every sample round, analytical reproducibility was found to be very 352 

good for all non-gaseous dissolved inorganic species.   353 

For dissolved methane reproducibility was also found to be remarkably good, given the simplicity of 354 

the project’s standard sampling method, especially at high concentrations (Figure 4). At 355 

concentrations of around 10 µg/L, reproducibility was noticeably worse, suggesting that this was the 356 

limit of reliable determination of dissolved methane in our samples (despite the cited analytical 357 

detection limit of 1 µg/L). Overall, very good reproducibility was found for the results of dissolved CO2 358 

analysis (Figure 4). 359 

Ethane was only detected in significant quantities in duplicate sets of samples from borehole G3, at 360 

concentrations of around 20-30 µg/L. However, the reproducibility was also very good. In a single 361 

sample, which returned lower concentrations, reproducibility was poor (Figure 4). 362 

Ionic balances were calculated for all samples and were generally found to be within acceptable limits. 363 

Of 185 samples in total, 134 (72%) had an ion balance error (IBE) of less than ±6%, and 179 (97%) less 364 

than 10%, based on the major ion parameters Na+, Ca2+, Mg2+, K+, NH4
+, NO3

-, SO4
2-, Alkalinity (HCO3

- + 365 

CO3
2-) and Cl-. The largest calculated IBE was 27%. 366 

As regards the blank samples prepared from distilled water during each sampling round, and 367 

submitted with the rest of the samples, very few issues were experienced with false detects. Where 368 

occasional detects were located, these were queried with the laboratory and resolved. (For example, 369 

a series of minor boron detects were found in blank samples in the period Nov. 2017 to Jan. 2018, and 370 

traced back to issues with the stock acid used to preserve samples – e.g. prolonged acid storage in 371 

borosilicate glass. Reported boron concentrations close to the detection limit - i.e. approximate range 372 

12 -20 µg/L - should thus be treated with caution).  373 

As regards dissolved gases, the blank concentration for methane was typically around the detection 374 

limit of 1 µg/L (median 1 µg/L, 75% percentile 3 µg/L), occasionally reaching as high as 18 µg/L (see 375 

Figure 5). No detects of ethane were found in the blank samples. 376 

As regards the control samples for carbon isotope analysis, the laboratory air effectively reflected 377 

global atmospheric methane signatures, with a δ13C of -50‰ being consistently reported. We regard 378 

the laboratory tap water as being of limited utility as a control, as the origin of the water is not known; 379 

it returned typical δ13C of -49 to -50‰, probably reflecting equilibration with atmospheric methane. 380 
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 381 

5.2  Methane sampling method 382 

Despite the good overall internal reproducibility of the project sampling method over a range of 383 

methane concentrations, comparability with the BGS method was rather poor (Figure 6). Although 384 

some degree of correlation was observed between the two methods, the BGS method did return some 385 

very low methane concentrations, despite the consistently high methane determinations resulting 386 

from the standard project methodology. 387 

In this particular hydrogeological situation, we regard the standard project method as being more 388 

reliable and reproducible than the BGS method. There may, however, be extenuating circumstances 389 

for the poor performance of the BGS methodology at BHE – namely (i) the very low flow rates achieved 390 

by the installed bladder pump (arguably inadequate to efficiently purge the cylinder) and (ii) the 391 

observed exsolution of methane gas from the water and the tendency of it to adhere to sample tubing. 392 

 393 

5.3 Surface Water Chemistry 394 

The waters sampled from the surface water stations were all typically calcium bicarbonate waters 395 

(Figure 7), which show considerably more seasonal and temporal chemical variation than do the 396 

groundwaters. Statistical summaries of field and laboratory determinations are provided in Tables 3a 397 

and 3b, cited as median values and the interquartile (25-percentile to 75-percentile) range (IQR). Such 398 

a non-parametric method of presentation has been used throughout: this is widely favoured as a 399 

means of presenting geochemical data, over mean ± standard deviation, as the latter makes 400 

assumptions about data symmetry and normality seldom present in geochemical data sets (Reimann 401 

& Filzmoser 2000). 402 

All sampled streams contained slightly alkaline, relatively ion-rich water (EC typically >500 µS/cm, 403 

alkalinity > 4 meq/L, calcium >80 mg/L). Redox conditions were oxidising and temperatures exhibited 404 

the expected seasonal trend. S1 and S4 (Sugar Hill Drain) were typically dry during summer months, 405 

so data are skewed towards winter conditions. S1 and S4 showed a considerable degree of co-variation 406 

in water quality, being located on the same stream, located down-gradient and up-gradient of the well 407 

site, respectively.  408 

Chloride concentrations in S2 were around 30 mg/L, while those in in S1, S4 and (especially) S3 were 409 

somewhat higher, typically at 40 – 80 mg/L. Variations in sodium broadly corresponded to those in 410 

chloride.  411 
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During the sampling period, nitrate concentrations showed a tendency to decrease in S2, S3 and S4, 412 

although a period of elevated concentrations of up to 40-50 mg/L (as NO3
-) was observed in S1 and S4 413 

in October - November 2017. Concentrations of ammoniacal nitrogen were generally extremely low 414 

in the surface waters (< 0.2 mg/L as N), with the exception of a brief period in March-April 2018, when 415 

elevated ammoniacal nitrogen (over 2 mg/L as N in March) was observed in S1 and S4, coinciding with 416 

slightly elevated dissolved iron, elevated potassium (up to 26.8 mg/L in March) and low nitrate.  417 

Stream sampling point S2 exhibited consistent detects of methane at around 10 µg/L, while sporadic 418 

detects of a similar magnitude were observed in S3. Locations S1 and S4 returned methane 419 

concentrations typically below detection limit (< 1 µg/L) with occasional positive detects. 420 

 421 

5.4  Off-site shallow wells G2-G6 422 

Wells G2 to G6 were sampled between April 2017 and April 2018 (Tables 4a, 4b). The groundwater 423 

chemistry at all the sites was a strongly sodium-bicarbonate dominated water type (Figure 7). 424 

G2, G4, G5 and G6 exhibited low calcium concentrations of 20-30 mg/L, sodium in the range 140-280 425 

mg/L, sulphate around 20-170 mg/L, chloride 20-30 mg/L, low nitrate (typically < 2 mg/L as NO3
-), 426 

electrical conductivities of 600-1100 µs/cm and alkalinities of 6-10 meq/L. Ammoniacal nitrogen 427 

concentrations were around 0.7 mg/L (as N) in G2, G4 and G5 and somewhat lower in G6.  428 

G3, one of the deeper wells (c. 50 m deep), distinguished itself by a slightly different chemistry in 429 

respect of some parameters, with especially high sodium (350-400 mg/L), chloride (40-50 mg/L), 430 

sulphate, alkalinity (>12 meq/L) and ammoniacal nitrogen (around 1.2 mg/L as N).  431 

Dissolved methane concentrations in G3 were consistently high at 1 to 4.7 mg/L. In G2, G4, G5 and 432 

G6, median dissolved methane was typically in the range 11-21 µg/L, with concentrations as high as 433 

34 and 63 µg/L recorded, respectively in G2 and G6. Ethane was detected at concentrations of up to 434 

20 µg/L in G3, these being the highest ethane concentrations observed at any monitoring point. 435 

 436 

5.5 On-site shallow boreholes BHA - BHC 437 

The shallow on-site boreholes, BHA, BHB and BHC, all exhibited a slightly acidic, Ca-HCO3-SO4 water 438 

chemistry (Table 5a, 5b, Figure 7). Sodium concentrations were typically in the range 25-40 mg/L, 439 

slightly higher than the surface waters. Chloride increased from BHA (around 30 mg/L) to BHC (c. 60 440 

mg/L) and exceeded 100 mg/L in BHB. Alkalinity and water hardness were very high, at typically > 8 441 
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meq/L and >15 meq/L, respectively. Nitrate concentrations, as in the off-site groundwaters, were 442 

surprisingly low for such an agricultural area (typically <0.2 mg/L as NO3
-). 443 

 444 

5.6 Intermediate on-site borehole BHD, and off-site well G1 445 

BHD extended into the upper section of the pyrite- and organic-rich Kimmeridge Clay Formation. The 446 

pH was higher and sulphate concentration slightly lower than in BHA, B and C. Most notably, the 447 

alkalinity was extremely high (around 13 meq/L) and calcium concentrations low (< 50 mg/L). The 448 

cationic composition was dominated by sodium, giving an overall Na-HCO3 water type (Figure 7).  449 

Chloride concentrations (c. 45 mg/L) were modest, comparable to surface waters and shallow 450 

groundwaters. Reducing conditions were evidenced by lack of nitrate, ammoniacal nitrogen at around 451 

1.4 mg/L (as N) and negative ORP. Methane was consistently detected in the water from BHD at 452 

several tens of µg/L (typically 60-80 µg/L). The water chemistry showed little temporal fluctuation. 453 

Boron concentrations were consistently high (c. 1.5 mg/L) in this groundwater.  454 

Borehole G1 exhibited many hydrochemical similarities to BHD. It had a slightly alkaline pH and a 455 

negative ORP. Calcium concentrations were modest (60-70 mg/L), while alkalinity and sodium were 456 

both high (c. 13 meq/L and c. 640 mg/L). While chloride was slightly elevated (c. 100 mg/L), the sodium 457 

was greatly in excess of chloride. Sulphate concentrations were considerably higher than BHD, at 800-458 

840 mg/L. Nitrate was effectively absent from the water, while ammoniacal nitrogen was present at 459 

c. 2.3 mg/L. As in BHD, boron was present in high concentrations (2.3 mg/L), as was strontium (c. 4 460 

mg/L). Methane was typically detected at around 570-710 µg/L. 461 

 462 

5.7 Deep (Corallian) on-site borehole BHE 463 

The deep borehole BHE extends through the Ancholme Group to the Corallian Oolite. The 464 

groundwater was brackish (EC > 3000 µS/cm), of sodium chloride composition, with sodium 465 

concentrations (typically c. 750 mg/L) being slightly in excess of chloride (typically c. 680 mg/L). The 466 

pH was extremely high (just below 10) and the ORP strongly negative. The alkalinity was also very high 467 

at around 11 meq/L. Sulphate was also almost absent from the water, as were dissolved iron and 468 

manganese. The water consistently contained abundant methane (c. 50 mg/L), and traces of ethane 469 

(5-10 µg/L).  470 

 471 

5.8 Carbon isotopic data from dissolved methane and CO2 472 
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The δ13C results for the dissolved methane and carbon dioxide are summarised in Table 6. Most 473 

samples returned a dissolved methane δ13C of around -50 ‰ (which is similar to the global 474 

atmospheric methane signature and the laboratory air samples used as control). BHE, however, 475 

exhibited a consistently low methane δ13C, typically around or below -70‰. G1 and G3 returned a 476 

range of methane δ13C results, but with at least 25% of values below -65‰. 477 

Most samples returned a dissolved carbon dioxide δ13C of around -26‰. BHE, however, exhibited a 478 

consistently higher carbon dioxide δ13C, typically around or below -13 to -8‰.  479 

  480 
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6. INTERPRETATION - HYDROCHEMISTRY 481 

6.1  Surface Waters 482 

The surface waters showed a hydrochemical variation reflecting greater responsiveness to temporal 483 

patterns in climatic, rainfall and land use factors than groundwater. The fact that S2 exhibited a lower 484 

degree of temporal variation than the other surface water sampling points reflects its location on a 485 

higher order stream with a larger flow than the other monitoring sites. S2 thus integrates flows from 486 

a number of lower order streams and is less likely to be susceptible to very rapid water chemistry and 487 

climatic fluctuations. Nevertheless, the sampled streams all contained relatively ion-rich water 488 

(electrical conductivity typically >500 µS/cm, alkalinity > 4 meq/L, calcium >80 mg/L), characteristic of 489 

a high component of groundwater baseflow. The fact that pH was slightly alkaline and higher than 490 

most of the shallow groundwaters probably reflects degassing of acidic CO2 from groundwater 491 

baseflow on entry to surface waters.  492 

The modest chloride concentrations in S2 (c. 30 mg/L) were somewhat higher than the 11-12 mg/L 493 

(Shand et al. 2002) that can be explained by the content of marine salts and industrial chloride in 494 

evapotranspiratively concentrated rainfall. Cape et al. (2014) report median and 75-percentile 495 

concentrations of c. 3 mg/L and 5 mg/L, respectively, for the period 1986-2011 at rainfall stations at 496 

Thorganby and High Muffles. The higher chloride concentrations in S1, S4 and S3 suggest an additional 497 

source of chloride in these catchments – possible candidate sources could include agricultural 498 

fertilisers, small quantities of sewage effluent or even road salts (Granato et al. 2015, Rivett et al. 499 

2016).  500 

During winter 2017-2018, the Sugar Hill Drain samples S1 and S4 both experienced a period of several 501 

sample rounds when elevated dissolved iron was observed, reaching values of over 500 µg/L in 502 

December and January. This may represent periods of waterlogged soil conditions, causing reducing 503 

conditions and mobilisation of iron in dissolved form, or increased run-off of humic compounds from 504 

organic moorland soils. 505 

There were also episodes of elevated nitrate in the Sugar Hill Drain (especially October-November 506 

2017), probably representing flushing of nutrients from agricultural soils by rainfall recharge. The 507 

episode of elevated ammonium, iron and potassium in March-April 2018 (coupled with low nitrate) 508 

probably also has an agricultural source: e.g. a release of organic manure could create ammonium-509 

rich, reducing conditions in the stream. In all cases where episodes of elevated iron, ammonium, 510 

potassium or nitrate were observed, the elevated concentrations occurred in S4 (upstream of 511 

operations site) as well as S1 and could not be ascribed to activities at the site. 512 
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The dissolved methane concentrations detected in the surface waters were too low to perform 513 

reliable isotopic determinations. The source of the methane in the surface waters remains 514 

undetermined. 515 

 516 

6.2 Shallow off-site wells G2-G6 517 

The samples from the off-site wells G2-G6 (within c. 2 -3 km of KMA) all exhibited broadly similar water 518 

chemical characteristics, which is surprising given the varied geographical situations, well installations, 519 

and land uses.  520 

The chloride concentrations in these groundwaters were similar to the surface waters and consistent 521 

with other shallow groundwaters and surface waters in the central UK (Banks 1997).  The calcium 522 

concentrations were much lower and the sodium concentrations were much higher than the surface 523 

waters. This may reflect the surface waters being fed by carbonate-rich aquifer baseflow, while G2-524 

G6 were in silicate-dominated lithologies, or it may reflect aquifer processes such as calcite 525 

precipitation and sodium silicate hydrolysis, or cation exchange. The sodium bicarbonate water 526 

chemistry is usually characteristic of a high degree of water-rock interaction (Frengstad & Banks 2000, 527 

Banks & Frengstad 2006).  528 

The low nitrate concentrations in such an agricultural area suggest either a lack of modern recharge 529 

or denitrifying processes under mildly reducing conditions (Rivett et al. 2008). This was especially so 530 

in G3, where the elevated hydrocarbon contents and ammonium concentration suggest more 531 

reducing conditions. 532 

The methane content in these groundwaters was variable, which may reflect varying well construction 533 

factors and sampling equipment as much as geological factors, although G3 did display consistently 534 

higher detects of methane and ethane. 535 

 536 

6.3 Shallow on-site wells BHA-BHC 537 

The lower pH, high alkalinity, and high calcium and sulphate in the groundwaters from these boreholes 538 

are unusual and completely different from the shallow off-site groundwaters. One plausible 539 

explanation is that the water chemistry owes its characteristics to either oxidation of sedimentary 540 

pyrite or dissolution of secondary selenite / gypsum derived from Kimmeridge Clay Formation or 541 

glacial till which are exposed in the vicinity (Cope 1974, Tribovillard et al. 1994, Gallois 2004). This 542 

would release sulphate and protons, which could then subsequently dissolve calcite to release calcium 543 
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and carbonate. The low pH and high alkalinity also account for the very high concentrations of 544 

dissolved CO2, as the low pH drives the inorganic carbon system towards the carbonic acid/carbon 545 

dioxide end of the equilibrium. 546 

The very low nitrate concentrations in these wells suggest either denitrifying conditions in the aquifer, 547 

or that the surrounding lacustrine deposits limit infiltration of agriculturally impacted recharge. The 548 

presence of detectable ammonium, mildly negative to slightly positive ORP and the elevated 549 

concentrations of dissolved iron (several hundred to thousands of µg/L) and manganese (around 100 550 

µg/L) all suggest mildly reducing conditions, within the nitrate/iron/manganese reduction field, but 551 

not achieving sulphate reduction. 552 

 553 

6.4 Intermediate on-site borehole BHD, and off-site well G1 554 

The high alkalinity, Na-HCO3 nature of the groundwaters suggests a high degree of water-rock 555 

interaction. The combination of high alkalinity and pH appears to have suppressed calcium 556 

concentrations by the common ion effect at calcite saturation. Sodium can continue to accumulate in 557 

the water (> 400 mg/L) by a process of calcium removal by calcite precipitation and continued 558 

aluminosilicate hydrolysis, possibly complemented by cation exchange (Frengstad & Banks 2000, 559 

Banks & Frengstad 2006). 560 

The modest chloride concentrations do not suggest any influence of deeper saline groundwaters. 561 

Harder (1970) has shown that boron is readily substituted in illites and micas and is enriched in 562 

bituminous argillites such as the Kimmeridge Clay Formation, which possibly explains the elevated 563 

boron concentrations in the groundwater. 564 

 565 

6.5 Deep (Corallian) on-site borehole BHE 566 

In BHE, the elevated chloride concentrations indicate that the hydrochemical composition is 567 

influenced by a component of deep saline groundwater. The sodium excess over chloride, high 568 

alkalinity and very high pH suggests a further hydrochemical evolution under the influence of 569 

processes noted in BHD. The high pH and high alkalinity led to potential calcite oversaturation and the 570 

observed calcium concentrations of  < 1 mg/L were due to removal of calcium by calcite precipitation. 571 

The removal of calcium by calcite precipitation also removes an important pH buffer in the 572 

groundwater system and allows the pH to evolve to high values and for sodium to continue to 573 

accumulate in the water (Frengstad & Banks 2000, Banks & Frengstad 2006). 574 
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The lack of sulphate suggests sulphate reducing conditions. The absence of iron and manganese 575 

supports this interpretation, such metals having been removed from solution as sulphide mineral 576 

phases. The concentrations of methane (> 40 mg/L) exceed its solubility in water (c. 31 mg/L at 10°C 577 

and atmospheric pressure; corresponding to a Bunsen solubility coefficient of 0.0435 and density of 578 

0.717 kg/m3
 at STP – Yamamoto et al. 1976, Air Liquide 2020) and account for the observed 579 

effervescence during sampling. The low dissolved CO2 content was simply due to the high pH, any free 580 

carbonic acid having been converted to HCO3
- or CO3

=. 581 

  582 
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7. ORIGIN OF DISSOLVED METHANE AND CARBON DIOXIDE 583 

7.1 Origin of Dissolved Methane and Ethane 584 

The preindustrial mole fraction of methane in dry atmosphere was around 0.7 ppm (µmole/mole) but 585 

had reached a global average of 1.9 ppm by 2018 (Dlugokencky et al. 2011, 2020).  Quay et al. (1999) 586 

cited the global average methane δ13C as -47.2 to -47.7‰.  Both the atmospheric methane content 587 

and its δ13C vary depending on time of day and location (Bosquet et al. 2006,  Stieger et al. (2019). An 588 

atmospheric content of 2 µmole mole-1 and a methane solubility of 31 mg/L at 10°C would imply that 589 

one would expect an aqueous methane concentration of <0.1 µg/L for a water sample in equilibrium 590 

with the atmosphere. 591 

The role of stable isotopes in identifying methane sources in the geo- and hydrosphere has long been 592 

recognised (Whiticar et al. 1986, Whiticar 1996). Bell et al. (2017) and Su et al. (2018) consider three 593 

different important sources of dissolved light alkanes in groundwater: 594 

1. Thermogenesis. Thermogenesis is the main process responsible for producing commercial 595 

hydrocarbon reserves by the thermal degradation of more complex buried organic compounds, such 596 

as kerogen, commencing at around 70°C (Mahlstedt 2018). Methane is  formed by the “cracking” of 597 

higher hydrocarbons and complex organics at elevated subsurface pressure and in a temperature 598 

window of 157 – 221°C (Stolper et al. 2014). The isotopic composition of thermogenic methane 599 

depends on the source rock (Schoell 1983, Whiticar 1996, Schloemer et al. 2016), but the δ13C is 600 

typically relatively high, in the range -26 to -55‰ (Baldassare 2010). Thermogenic methane is also 601 

associated with higher hydrocarbons. For example, gas associated with oil deposits typically has an 602 

ethane and propane content of >5% (Schloemer et al. 2016). 603 

2. Microbial methanogenesis by carboxylate fermentation pathways, e.g. of acetate (Jeris & McCarty 604 

1965, Woltemate et al. 1984), to produce methane and carbon dioxide (sometimes termed 605 

acetoclastic methanogenesis; Schlesinger & Bernhardt 2013). Although this pathway does require 606 

anaerobic conditions, small quantities of methane can be produced in anaerobic micro-niches within 607 

otherwise relatively oxidising aquifers. This pathway is thought to be the source of low concentrations 608 

of methane in many of the UK’s shallower aquifers. 609 

CH3COO- + H2O → CH4 + HCO3
-        (1) 610 

The δ13C of methane generated by such processes is typically in the range -40 to -62‰ (Baldassare 611 

2010) or -50 to -65‰ according to Whiticar et al. (1986) and Schloemer et al. (2016). Landfill and 612 

sewage gas methane, for example, has a typical δ13C of -53 to -58‰ (Dlugokencky et al. 2011, Stieger 613 

et al. 2019). 614 
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3. Microbial methanogenesis involving reduction of carbon dioxide by hydrogen (or from formate as 615 

a substrate), or hydrogenotrophic methanogenesis. The hydrogen is in turn derived from hydrogen-616 

producing acetogenic bacteria, breaking down more complex organic compounds such as higher fatty 617 

acids (Angelidaki et al. 2011, Stevens et al. 2012). It requires a low redox potential, anaerobic 618 

conditions and it is usual for sulphate reduction processes to have progressed to near completion. 619 

Such conditions are typically found in organic-rich marine sediments, or deep, confined geological 620 

strata. 621 

C4H7O2
− + 2H2O → 2CH3COO- + H+ + 2H2       (2) 622 

4H2
 + CO2 → 2H2O + CH4

         (3) 623 

The δ13C of methane generated by CO2 reduction is typically very low, in the range -62 to -90‰  624 

(Baldessare 2010) or -60 to -110‰ (Whiticar et al. 1986, Schloemer et al. 2016). 625 

Subsurface bacterial oxidation of methane leads to a fractionation, leaving the residual methane 626 

isotopically enriched in 13C, relative to 12C (Coleman et al. 1981) and this may be important in many 627 

groundwater environments (Vigneron et al. 2017). 628 

The boundary between microbial methane and thermogenic methane is often cited as around δ13C = 629 

-50‰ (Osborn & McIntosh 2010), although carboxylate fermentation pathways and microbial 630 

oxidation may push microbiogenic dissolved methane into isotopically heavier territory. Where 631 

isotopic evidence is ambiguous, the ratio of methane to heavier alkanes can be used as a diagnostic.  632 

For both the bacterial methanogenetic pathways, ethane (and other higher hydrocarbon) 633 

concentrations are typically low.  The proportion of C2+
 gases associated with biogenic methane is 634 

usually <0.05% (Edwards & Durucan 1991), and the molar C1/(C2+C3) ratio is >1000 (Bernard et al. 635 

1997). At least one study (Schloemer et al. 2016) has found low concentrations of ethane in relatively 636 

shallow groundwaters in Saxony, Germany (ethane was above the detection limit of 20 nL/L in c. 25% 637 

of the c. 1000 samples). It is suggested that the lowest molar C1/(C2+C3) ratio characteristic of biogenic 638 

methane could be as low as 300 (Schloemer et al. 2016). A C1/(C2+C3) ratio of between 50 and 100 is 639 

often cited as an upper limit for thermogenic methane (Bernard et al. 1976, Osborn & McIntosh 2010, 640 

Vigneron et al. 2017). 641 

Other geological processes for methane formation, such as methanol reduction (Jeris & McCarty 1965) 642 

or abiotic methanogenesis, are considered implausible in this environment and will not be considered 643 

further. 644 

Finally, it should be remembered that shale gas and coal bed gas can be a combination of biogenic and 645 

thermogenic components and may indeed lie on a continuum between the two (Golding et al. 2013). 646 
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Natural gas derived from the Bowland Shale or Zechstein Group horizons in the Kirby Misperton gas 647 

boreholes would be expected to be thermogenic, due to depth and temperature considerations. For 648 

example, shale gas from the Marcellus shale at depths of 866 m to 2.5 km in the Appalachians was 649 

characterised by a methane δ13C of -27 to -42‰, well within the thermogenic range (Hakala 2014). 650 

In the data set from the Kirby Misperton area, many of the groundwaters had a dissolved methane 651 

δ13C of -48 to -50‰ (Figure 8). This is very similar to a typical atmospheric methane signature. It also 652 

falls in the groundwater methane range characteristic of acetate fermentation, but at the very lowest 653 

end of the range plausible for thermogenic methane. Thus, for samples where the methane 654 

concentration was consistently around the limit of quantification (<10 µg/L) and the dissolved 655 

methane δ13C was c. -48 to -49‰ (Table 6), one can argue that the δ13C either simply represents 656 

equilibration with atmospheric methane content, or could represent low concentrations of methane 657 

generated by freshwater acetate fermentation processes. For samples with median dissolved 658 

methane in the range 10-100 µg/L (S2, G2, G4, G5, G6, BHA, BHD), the dissolved methane median δ13C 659 

was in the range -47 to -50‰. In this case, however, the dissolved methane concentrations were likely 660 

to be genuinely geogenic, rather than simply due to post-sampling atmospheric exchange, and the 661 

most likely source was acetate fermentation. A thermogenic source cannot be wholly ruled out 662 

although, if this were the case, one would expect to see a progressively stronger thermogenic 663 

signature with depth. 664 

However, in the deepest samples (G3 and BHE), which have concentrations of dissolved methane >1 665 

mg/L, the methane δ13C shifts further into negative territory, more characteristic of methanogenesis 666 

by CO2 reduction (median -59‰ and -71.9‰, respectively), with 25% of samples lower than -71.7‰ 667 

and -74.7‰, respectively. Microbial methanogenesis is typically restricted to temperatures <80°C and 668 

typically produces predominantly methane rather than other higher hydrocarbons (Mahlstedt 2018). 669 

In borehole G1, which has a median dissolved methane concentration of 620 µg/L, most of the isotopic 670 

analyses returned methane δ13C of -44‰ to -50‰, characteristic of acetate fermentation (or, 671 

conceivably, thermogenic) processes. However, 25% of the samples from G1 had a δ13C of -65‰ or 672 

lower, placing them in the field of bacterial methanogenesis by CO2 reduction. The temporal variability 673 

could be due to variable degree of re-equilibration with atmospheric air, although this was not 674 

observed clearly in samples from G3 or BHE. Alternatively, it could be due to the methane being 675 

derived from a mixture of sources – e.g. both acetate fermentation and CO2 reduction, depending on 676 

redox conditions and substrate availability. 677 

 Identification of methane sources can be attempted by plotting the molar C1/(C2+C3) ratio versus 678 

methane δ13C on a Bernard diagram (Bernard et al. 1976, 1977, Schloemer et al. 2016; Figure 9). For 679 
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borehole BHE, the very low δ13C and C1/(C2+C3) ratio of 11000 - 14000 establish the methane as 680 

derived from bacterial methanogenesis by CO2 reduction. 681 

For G3, the C1/(C2+C3) ratio was much lower than BHE at 300 – 350. This is just at the lowermost range 682 

considered plausible for bacterial methanogenesis (Schloemer et al. 2016). The low δ13C confirms bacterial 683 

methanogenesis as the main source of methane in G3, although the low C1/(C2+C3) ratio allows the 684 

possibility of the admixture of a component of thermogenic methane – indeed, the Kimmeridge Clay is 685 

known as a source rock for hydrocarbons and has reached sufficient maturity to have gas potential in some 686 

parts of East Yorkshire (Williams 1986, Gallois 2004). Alternatively, the methane may represent a 687 

bacteriogenic methane, subject to subsequent oxidation - a process that can increase δ13C and decrease the 688 

methane/ethane ratio (Whiticar 1996, Ozgul 2002, Grassa et al. 2004). 689 

In G1, the ethane concentration was consistently < 1µg/L, but median methane was c. 620 µg/L. This allows 690 

us to say that the C1/(C2+C3) ratio is in the bacterial methanogenesis field. The sporadically less negative δ13C 691 

signature suggests that there may be components of acetate fermentation and CO2 reduction. 692 

For the other samples, the low methane concentrations (and absence of ethane) do not allow us to quantify 693 

the C1/(C2+C3) ratio or deduce anything from it. 694 

 695 

7.2 Origin of Dissolved Carbon Dioxide 696 

Marine carbonates typically form with a δ13C of around 0‰, while atmospheric carbon dioxide has a typical 697 

δ13C of −6 to −8‰ (Craig 1953, Cerling et al. 1991). This carbon dioxide is photosynthesised by plants, which 698 

are then decomposed by fungi and microbes. The resulting soil gas is enriched in CO2 via respiration, and the 699 

bulk soil gas  CO2 resulting from C3 metabolic pathways (characteristic of temperate regions) typically has a 700 

δ13C of − 27.5 to − 23‰ (Dörr & Münnich 1980, Cerling 1984, Alpers et al. 1990, Cerling et al. 1991, Clark & 701 

Fritz 1997, Bottrell et al. 2017). 702 

When hydrochemically evolving groundwater in marine sedimentary rocks approaches equilibrium with 703 

calcite, the CO2 (δ13C = c. -26‰) is consumed by dissolution of marine calcite (δ13C = -0‰), and the dissolved 704 

inorganic carbon (DIC, of which the dissolved CO2 content is in dynamic equilibrium) is essentially a 1:1 705 

mixture of the two components, with a δ13C = c. -13‰.  706 

As regards the 13C signature of Kirby Misperton water samples, most of the groundwaters and the four 707 

surface waters typically show signatures of around -21 to -28‰, which suggests open systems, equilibrated 708 

with soil gas or biodegrading subsurface organic matter (Clark & Fritz 1997). The most hydrochemically 709 

“mature”, deepest and highest pH water (with the lowest dissolved CO2 content - BHE) has a far less 710 
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depleted 13C signature (typically -7 to -15‰), which suggests closed system soil gas interaction with 711 

limestone (carbonate) minerals. Indeed, a relatively high 13C in  DIC in methane-containing waters is 712 

considered evidence (Golding et al. 2013) of bacterial methanogenesis by CO2 reduction (preferential 713 

enrichment of the residual DIC in 13C). 714 

  715 
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8. DISCUSSION 716 

The concept of documenting a “water quality baseline” for a potentially contaminating development 717 

site is an attractive idea. This, and other previous studies (Banks 2010), have demonstrated that it is 718 

somewhat more complex in practice, not only because groundwater quality can vary substantially 719 

laterally over short distances (contrast wells BHA-C with G2-G6 in this study), but also because it can 720 

be extremely dependent on depth. With increasing depth, groundwater can experience a steep 721 

increase in salinity and decrease in redox potential in a wide variety of geological environments. Over 722 

a 220 m depth interval at Kirby Misperton, the groundwater quality changes from a weakly acidic,  723 

sulphate-rich, Ca-HCO3-SO4 water to a brackish, highly reducing sodium chloride water with extremely 724 

high pH and alkalinity and a dissolved methane content of around 50 mg/L. In cases where the public 725 

is extremely sensitive to a commercial development (in this case, shale gas or hydraulic fracturing), it 726 

is essential that the natural background and its variability in three dimensions is clearly communicated. 727 

Until recently, methane and other light hydrocarbons were not commonly analysed as dissolved 728 

components of UK groundwater. One of the earliest studies (Darling & Gooddy 2006) found that 729 

potable groundwaters from Mesozoic carbonate and sandstone aquifers exhibited ubiquitous low 730 

concentrations of dissolved methane; typically <10 µg/L, but with concentrations ranging up to 0.5 731 

mg/L. Deeper Carboniferous and Triassic thermal or aquitard waters commonly contained higher 732 

concentrations (> 1.5 mg/L), with up to 16 mg/L being found in groundwater from Namurian shales in 733 

Lancashire. Darling & Gooddy (2006) found the highest dissolved methane concentrations were 734 

associated with elevated alkalinity and low concentrations of sulphate (both indicators of sulphate 735 

reduction). 736 

Around the Kirby Misperton site, concentrations of dissolved methane ranged from up to c. 10 µg/L 737 

in shallow (c. 10 m depth, e.g., BHA) groundwaters, through a few tens to a few thousands of µg/L at 738 

intermediate depth (BHD, G1 and G3) to around 50 mg/L in the Corallian Oolite aquifer at 222 m depth 739 

(BHE). Low concentrations of dissolved methane, c. 10 µg/L, were even consistently detected in one 740 

of the surface water sampling sites (Costa Beck, S2). Dissolved ethane was regularly found (median 19 741 

µg/L) in one of the off-site shallow well’s groundwater (G3) and at lower concentrations (median 8 742 

µg/L) in the on-site BHE’s deep Corallian groundwater. In all cases, we believe that the dissolved light 743 

hydrocarbons detected were natural in origin. In the case of the shallower groundwaters, isotopic 744 

evidence suggests that the most likely origin was microbiological, probably via natural carboxylate 745 

fermentation pathways and possibly modified by microbial oxidation. In the deeper groundwaters, 746 

methanogenesis by carbon dioxide reduction under highly reducing conditions appears more likely. 747 
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In only one of the wells (G3) does the isotopic evidence and high ethane concentration suggest that 748 

there may be a thermogenic component. This, in itself, does not imply a deep origin from the 749 

commercial target reservoirs (the Zechstein Group carbonates or Carboniferous Bowland Shale), as 750 

the possible thermogenic signature shows no sign of increasing with depth, and as the shallow 751 

Kimmeridge Clay, which hosts well G3, is a known hydrocarbon source rock whose genetic history 752 

suggests that it may contain thermogenic hydrocarbons. Alternatively, the signature could represent 753 

oxidation of a microbial methane signature, with is accompanied by a relative enrichment in 13C and 754 

a depletion of methane relative to ethane (Whiticar 1996, Ozgul 2002, Grassa et al. 2004). 755 

We thus conclude that the presence of dissolved methane is far from diagnostic of groundwater 756 

contamination from hydrocarbon or hydrofracking operations. Rather, the study reported here and 757 

the baseline studies of the British Geological Survey (Ward et al. 2018, 2020) suggest that dissolved 758 

methane can be far more widespread in some specific shallow groundwater environments than 759 

hitherto recognised. Furthermore, a possible thermogenic methane signature is not unequivocal 760 

evidence of deep hydrocarbon contamination (Taherdangkoo et al. 2000), as near-surface subcrops of 761 

low-permeability organic rich sediments, with a suitable diagenetic history, can potentially retain and 762 

then release light hydrocarbons with a thermogenic signature, as previously noted by Bell et al. (2016). 763 

A potential mixed thermogenic / bacteriogenic signature for shallow groundwater methane in the 764 

region was also noted by Smedley et al. (2017), who postulated the Kimmeridge Clay Formation as 765 

one possible source of this signature. 766 

Specific sedimentary sequences can also release solutes to groundwater, whose presence might (in 767 

the absence of background studies) be construed as evidence of contamination from hydrocarbon 768 

operations. For example, the Kimmeridge Clay can release elevated concentrations of boron and 769 

strontium to groundwater, even at relatively shallow depths. 770 

The background hydrochemical study suggests that the main detrimental event to the water 771 

environment during the period of the study (the Spring 2018 ammonium, potassium and iron pulse in 772 

surface waters S1 and S4) may have been due to agricultural practices. 773 

  774 
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9. CONCLUSIONS 775 

The monitoring of surface water and groundwater between April 2017 and September 2019 does not 776 

demonstrate any chemical impact on the hydrological environment due to operations in preparation 777 

for the hydraulic fracturing of the KM-8 shale gas well at the Kirby Misperton KMA wellsite. Because 778 

the monitoring only commenced following the drilling of the wells (KM-1, KM-3 and KM-8) on the KMA 779 

site, it can neither conclusively prove nor disprove an impact on the local hydrosphere. The 2017-2019 780 

monitoring failed, however, to find any evidence of significant residual groundwater contamination 781 

either by hydrocarbon products, organic contaminants or saline formation waters which might have 782 

resulted from the drilling or operation of these wells. The proposed shale gas well (KM-8) was never 783 

hydraulically fractured. However, the data collected during this study could have formed a starting 784 

point to suggest baselines and trigger concentrations in connection with future hydraulic fracturing, 785 

using techniques suggested by Moutcoudiol et al. (2019) and others. 786 

Monitoring has demonstrated that natural groundwater quality varies strongly with depth, from 787 

mildly acidic, Ca-HCO3-SO4 groundwaters in superficial / weathered Kimmeridge Clay strata within the 788 

bounds of KMA, to brackish, extremely high pH and alkalinity, highly reducing, Na-Cl waters at c. 220 789 

m depth in the confined Corallian Oolite aquifer.  790 

Shallow groundwater quality also varies laterally: at KMA, which lies on elevated terrain, devoid of the 791 

blanket of glaciolacustrine sediments laid down by the Pleistocene Lake Pickering, shallow 792 

groundwaters were mildly acidic and of Ca-HCO3-SO4 type.  Only a short distance from KMA, where 793 

glaciolacustrine deposits overlie the Kimmeridge Clay Formation, shallow groundwaters typically have 794 

an alkaline pH, a high alkalinity, low calcium and have accumulated sodium in solution, well in excess 795 

of chloride. They were typically Na-HCO3 waters. 796 

This highlights the difficulties of establishing a water quality “baseline” in areas scheduled to be 797 

developed for hydrocarbon exploitation. Groundwater chemistry can vary sharply in both a lateral and 798 

a vertical direction; careful planning and a suitable 3-dimensional density of monitoring points is 799 

necessary to capture this variation.  800 

Monitoring also highlighted the common occurrence of detectable dissolved methane (and 801 

occasionally, dissolved ethane) in natural groundwaters from different aquifers. The isotopic evidence 802 

also suggests that the methane was not derived from a single source but, rather, that there are 803 

multiple sources in the geological environment, within a relatively small area. The relatively modest 804 

concentrations of methane in shallow sediments in the KMA area are believed to be derived from 805 

carboxylate fermentative pathways in reducing micro-niches in the aquifer environment, as proposed 806 
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by Darling & Gooddy (2006). At greater depth, higher methane concentrations appear to be derived 807 

from bacterial methanogenesis via carbon dioxide reduction. In the deepest borehole BHE, to the 808 

Corallian Oolite Formation, concentrations of c. 50 mg/L dissolved methane were typically observed, 809 

higher than methane solubility at atmospheric pressure, leading to exsolution of methane during 810 

sampling. 811 

In one, relatively shallow, offsite well (G3), the high concentration of dissolved ethane, relative to methane, 812 

suggested that the dissolved hydrocarbon content may have an admixture of a thermogenic signature. We 813 

postulate that this was not necessarily derived from deep Bowland Shale or Zechstein Group reservoirs – 814 

rather, it could be derived from traces of thermogenic hydrocarbons retained in the shallow, low 815 

permeability Kimmeridge Clay host aquifer, which has a diagenetic history compatible with thermogenesis 816 

of hydrocarbons. Thus, while a bacterial methanogenetic isotopic signature can usually be used to rule out 817 

derivation of dissolved methane from deep shale gas / hydrocarbon reservoirs, the presence of a possible 818 

thermogenic signature may not be sufficient in all geological environments to definitively prove a deep 819 

reservoir origin. In future studies, determination of the δ2H of the methane, as well as the δ13C, would allow 820 

alternative diagnostic techniques for source identification – e.g. the Schoell (1980, 1988) diagram.  821 

The findings of this study are broadly compatible to the British Geological Survey’s broader baseline 822 

study of the Vale of Pickering (Smedley et al. 2017). 823 

Rather good sample reproducibility for dissolved methane and ethane was achieved in this study, 824 

using a relatively simple sampling method (i.e., sampling water direct from pump discharge to a glass 825 

vial, with no headspace and immediately sealing and inverting). The method favoured by the British 826 

Geological Survey (BGS; flow-through sampling, with capture in a steel cylinder) exhibited poorer 827 

reproducibility in this particular study. Molofsky et al. (2016) noted especially poor reproducibility for 828 

sampling dissolved methane when effervescence was present. We note that the BGS method has been 829 

successfully used in other studies (Bell et al. 2016, 2017) and we speculate that the slow pumping 830 

rates (bladder pumps) coupled with visible methane exsolution and bubbles adhering to sample 831 

tubing, may explain the poor performance of the technique in this particular study. In future studies, 832 

the use of other innovative methods (e.g. IsoFlasks®; Molofsky et al. 2016) should be considered. 833 
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Table 1 Listing of monitored analytical parameters. Analytical methods for parameters discussed in 1172 
this paper are documented in Section 4.1. For other parameters, analytical methods and results can 1173 
be found via the Environment Agency (2020) web page and in Envireau Water (2017b). 1174 

No Parameter No Parameter 

  General Inventory: 33 Nickel 

1 Methane 34 Nitrate as NO3 

2 Acrylamide 35 Nitrite as NO2 

3 Alkalinity as CaCO3 36 Oxygen Reduction Potential 

4 Ammoniacal Nitrogen as N 37 pH 

5 Arsenic 38 Potassium  

6 Aluminium 39 Salinity 

7 Antimony 40 Selenium 

8 Barium 41 Silver 

9 Beryllium 42 Sodium 

10 BOD (settled) 43 Strontium 

11 Boron 44 Total petroleum hydrocarbons (including Benzene, 
diesel range organics (nC10 to nC24), gasoline range 
organics (nC5 to nC10), m/p Xylenes, o Xylene, MTBE, 
Toluene, Xylene, Ethylbenzene) 

12 Bromide 45 Total Dissolved Solids 

13 δ13C-CH4 46 Total Suspended Solids 

14 δ13C-CO2 47 Vanadium 

15 Cadmium 48 Zinc 

16 Calcium    

17 Carbon Dioxide   Fracture fluid additives: 

18 Chloride 49 Acetic acid; 

19 Chromium (total) 50 Sodium persulphate; 

20 Cobalt     

21 COD (Settled)   Other chemical inventory: 

22 Copper 51 Formaldehyde; 

23 Dissolved Butane 52 Ethylene glycol; 

24 Dissolved Propane     

25 Dissolved Ethane   Indicators of Fracture Fluid additives: 

26 Dissolved Methane 53 Sulphate 

27 Fluoride 54 Bicarbonate alkalinity 

28 Iron (total) 55 Anionic surfactants 

29 Lead 56 Non-ionic surfactants 

30 Lithium     

31 Magnesium   

32 Mercury   

  1175 
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Table 2. Characteristics of the five on-site (BHA-BHE) and six off-site monitoring wells (G1-G6). Asl = 1176 

above sea level. Bgl = below ground level. SUP/WKC = Quaternary superficial materials and/or 1177 

weathered Kimmeridge Clay; KC = unweathered Kimmeridge Clay. Open interval = interval straddled 1178 

by well screen (BHA to BHD) or open section (BHE). Locations of G1-G6 not disclosed for reasons of 1179 

privacy and data protection. Data from Envireau Water (2017a). 1180 

 UK Grid ref Ground / wellhead elevation Borehole depth Open interval Rest water level 
20/4/16 

  m asl m bgl m bgl m asl 

BHA SE77153 79025 31.69 / 32.34 11.5 8.0 to 11.0 
SUP/WKC 

23.27 

BHB SE77099 78989 31.98 / 32.55 11.5 8.0 to 11.0 
SUP/WKC 

23.03 

BHC SE77162 78964 31.87 / 32.31 11.5 8.0 to 11.0 
SUP/WKC 

23.03 

BHD SE77132 78963 29.01 / 29.64 38.0 25.0 to 37.0 
KC 

22.38 

BHE SE 77110 78969 28.94 / 29.73 222.0 192.6 to 222 
Corallian 

26.72 

G1  c. 22 c. 36 KC  

G2  c. 22 c. 24 SUP/WKC  

G3  c. 25 c. 50 ? Most likely KC  

G4  c. 25 c. 50 ? Most likely KC  

G5  c. 22 c. 5 SUP/WKC  

G6  c. 23 c. 21 SUP/WKC  

  1181 
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Table 3a. Field determinations for surface waters. IQR = interquartile range; u/s = upstream, d/s = 1182 

downstream; EC = electrical conductivity; ORP = oxidation-reduction potential; T = temperature. Eh is 1183 

estimated from ORP on the basis of a Pt: Ag/AgCl electrode combination by adding 215 mV (Striggow 1184 

2013) and rounding to the nearest 10 mV. Data from S1 and S4 are skewed towards winter 1185 

measurements as the watercourses were typically dry in summer. 1186 

 1187 

 1188 

  1189 

  pH EC (µS/cm) T (°C) 

  Median IQR Median IQR Median IQR 

S1 Sugar Hill Drain d/s 27 8.09 7.68 to 8.19 745 668 to 833 8.5 6.3 to 10.6 

S2 Costa Beck 18 7.65 7.37 to 7.89 552 519 to 572 10.2 7.3 to 14.3 

S3 Ackland Beck 14 7.69 7.47 to 8.00 881 770 to 1018 10.6 7.0 to 13.4 

S4 Sugar Hill Drain u/s 27 8.01 7.76 to 8.14 796 710 to 899 7.8 6.3 to 10.4 

  ORP (mV Eh (mV)   

  Median IQR Median IQR   

S1 Sugar Hill Drain d/s 27 +97 +68 to +139 +310 +280 to +350   

S2 Costa Beck 18 +177 +128 to +216 +390 +340 to +430   

S3 Ackland Beck 14 +117 +41 to +172 +330 +260 to +390   

S4 Sugar Hill Drain u/s 27 +126 +71 to +143 +340 +290 to +360   
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Table 3b. Laboratory determinations of selected parameters for surface waters. For each parameter, 1190 

the upper row shows the median, the lower (feint script), the interquartile range. Amm-N = 1191 

ammoniacal nitrogen (as N), nitrate cited as NO3
-. N1 = number of sample determinations. Data from 1192 

S1 and S4 are skewed towards winter measurements as the watercourses were typically dry in 1193 

summer. 1194 

 1195 

 1196 

 1197 

 1198 

 1199 

 1200 

 1201 

 1202 

 1203 

 1204 

 1205 

 1206 

 1207 

 1208 

 1209 

 1210 

 1211 

 1212 

 1213 

 1214 

  1215 

Location S1 S2 S3 S4 

Solute hydrochemistry 

N  12 8 7 13 

Ca mg/L 121 86 116 124 
  101-137 81-91 99-128 96-139 

Mg mg/L 7.0 7.1 10.1 7.3 
  4.8-7.1 6.7-7.4 8.3-11.9 5.1-7.8 

Na mg/L 21 15 42 17 
  16-24 15-16 34-61 13-20 

K mg/L 10.8 2.2 5.1 11.5 
  8.3-13.0 2.1-2.3 4.3-5.8 8.1-14.1 

Cl- mg/L 65 29 84 59 
  57-75 28-30 71-101 48-71 

SO42- mg/L 56 42 60 61 
  45-61 38-44 37-60 44-72 

Alkalinity meq/L 5.1 3.9 5.6 5.0 
  3.4-5.7 3.5-4.2 4.9-5.7 2.9-5.4 

NO3- mg/L as NO3- 19.1 25.6 7.0 22.1 
  15.9-24.2 23.5-27.7 0.4-16.7 17.8-27.9 

Amm-N mg/L as N 0.05 0.09 0.06 0.05 

  0.04-0.06 0.07-0.11 0.04-0.07 0.03-0.07 

Fe µg/L 84 88 33 93 

  <20-163 53-106 <20-63 <20-309 

Mn µg/L <2 12 19 2 

  <2-3 6-13 4-42 <2-6 

As µg/L <2.5 <2.5 <2.5 <2.5 

  <2.5-<2.5 <2.5-<2.5 <2.5-<2.5 <2.5-<2.5 

Ba µg/L 111 68 80 113 

  96-123 67-68 69-85 96-122 

B µg/L 38 17 34 37 

  35-41 17-20 31-67 34-40 

Sr µg/L 237 143.5 254 267 

  195-275 137-164 232-270 206-288 

Dissolved gases 

N  11 8 7 13 

CH4 µg/L <1 10.5 <1 <1 
  <1-<1 9.8-12 <1-8 <1-2 

C2H6 µg/L <1 <1 <1 <1 
  All <1 All <1 All <1 All <1 

CO2 mg/L 38 27 40 32 

  23-51 23-33 25-55 23-51 
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Table 4a. Field determinations for off-site groundwaters (see legend to Table 3a). G1 consistently 1216 

had an H2S odour and exhibited effervescence. G2 had occasional H2S odour. G2 and G5 also 1217 

occasionally exhibited ferric oxyhydroxide ‘flocs’ in the water. Eh is estimated from ORP on the basis 1218 

of a Pt: Ag/AgCl electrode combination by adding 215 mV (Striggow 2013) and rounding to the nearest 1219 

10 mV. 1220 

 1221 

  1222 

 N pH EC (µS/cm) 

  Median IQR Median IQR 

G1 (Kimmeridge Clay) 30 7.60 7.47 to 7.69 2931 2881 to 2962 

G2 30 7.54 7.46 to 7.64 890 880 to 906 

G3 30 7.65 7.55 to 7.80 1535 1516 to 1559 

G4 16 7.62 7.56 to 7.70 1068 1058 to 1087 

G5 29 7.61 7.50 to 7.83 790 783 to 798 

G6 16 8.08 7.93 to 8.25 939 786 to 1038 

 N ORP (mV) Eh (mV) 

  Median IQR Median IQR 

G1 (Kimmeridge Clay) 30 -36 -82 to -18 +180 +130 to +200 

G2 30 -28 -77 to +32 +190 +140 to +250 

G3 30 +4 -23 to +64 +220 +190 to +280 

G4 16 +87 -31 to +165 +300 +180 to +380 

G5 29 +22 -16 to +73 +240 +200 to +290 

G6 16 +155 +104 to +211 +370 +320 to +430 
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Table 4b. Laboratory determinations of selected parameters for off-site groundwaters. For each 1223 

parameter, the upper row shows the median, the lower (feint script), the interquartile range. 1224 

Location G1 G2 G3 G4 G5 G6 

Solute hydrochemistry 

N  8 8 9 9 8 8 

Ca mg/L 65 33 23 28 27 17 
  61-71 32-34 22-24 28-28 27-28 16-19 

Mg mg/L 35 7.7 6.4 6.8 5.6 3.7 
  31-36 7.4-7.7 6.2-6.6 6.6-6.9 5.5-5.7 3.3-5.5 

Na mg/L 642 163 362 244 149 178 
  630-656 159-167 345-382 227-253 143-156 147-202 

K mg/L 6.1 3.0 3.7 2.9 2.7 2.6 
  5.9-6.7 2.9-3.1 3.5-3.8 2.8-3.0 2.6-2.8 2.3-2.8 

Cl- mg/L 100 29 49 25 22 20 
  98-101 29-29 42-50 25-25 22-23 19-22 

SO42- mg/L 820 29 157 84 19 46 
  801-838 27-30 154-160 82-85 19-20 45-63 

Alkalinity meq/L 13.3 8.6 12.4 9.5 7.9 7.9 
  12.7-13.8 8.5-8.8 12.0-12.6 9.3-9.6 7.9-8.0 6.4-8.8 

NO3- mg/L as NO3- <0.2 <0.2 <0.2 0.8 <0.2 <0.2 
  <0.2-<0.2 <0.2-<0.2 <0.2-1.6 0.4-1.0 <0.2-0.3 <0.2-<0.2 

Amm-N mg/L as N 2.34 0.73 1.20 0.64 0.68 0.06 
  2.30-2.35 0.71-0.74 1.19-1.22 0.60-0.68 0.67-0.68 0.05-0.15 

Fe µg/L 410 1426 132 78 216 221 
  347-551 1201-1700 128-143 30-88 157-280 79-1499 

Mn µg/L 5 330 38 221 282 25 
  3-10 326-348 38-40 213-225 266-290 10-39 

As µg/L <2.5 3.4 <2.5 2.4 <2.5 3.1 
  <2.5-<2.5 2.6-4.7 <2.5-3.3 <2.5-4.9 <2.5-4.3 <2.5-3.9 

Ba µg/L 12 68 25 31 103 35 
  11-14 67-70 24-25 31-32 100-106 22-59 

B µg/L 2334 472 1121 885 454 511 
  2327-2369 466-487 1117-1129 880-903 444-456 454-765 

Sr µg/L 4019 509.5 742 426.5 399.5 181.5 
  3901-4084 501-540 682-759 419-447 391-406 164-316 

Dissolved gases 

N  8 8 8 8 8 8 

CH4 µg/L 620 19 3371 14 11 21 
  572-706 18-23 2495-3527 13-15 9.8-12 10-50 

C2H6 µg/L <1 <1 19 <1 <1 <1 
  All <1 All <1 <1-20 All <1 All <1 All <1 

CO2 mg/L 149 76 104 76 68 42 

  139-158 70-81 91-107 73-79 62-75 34-55 

  1225 



49 Raper et al Shale gas water monitoring. Revised version 1/11/21 
 

Table 5a. Field determinations for on-site groundwaters (see legend to Table 3a). BHE typically 1226 

exhibited effervescence on sampling, believed to be exsolution of methane. Eh is estimated from ORP 1227 

on the basis of a Pt: Ag/AgCl electrode combination by adding 215 mV (Striggow 2013) and rounding 1228 

to the nearest 10 mV. 1229 

 1230 

  1231 

  pH EC (µS/cm) T (°C) 

  Median IQR Median IQR Median IQR 

BHA (Superficial) 42 6.74 6.56 to 6.87 1376 1174 to 1510 10.6 10.2 to 11.4 

BHB (Superficial) 42 6.64 6.49 to 6.72 1610 1479 to 1708 10.9 10.1 to 12.4 

BHC (Superficial) 41 6.68 6.53 to 6.73 1590 1476 to 1770 10.7 9.9 to 12.0 

BHD (Kimmeridge Clay) 42 7.73 7.64 to 7.81 1738 1703 to 1796 11.2 10.5 to 12.3 

BHE (Corallian) 42 9.78 9.68 to 9.87 3174 3126 to 3234 11.2 10.5 to 11.9 

  ORP (mV Eh (mV)   

  Median IQR Median IQR   

BHA (Superficial) 42 -19 -41 to -4 +200 +170 to +210   

BHB (Superficial) 42 +24 +18 to +50 +240 +230 to +270   

BHC (Superficial) 41 +27 +19 to +48 +240 +230 to +260   

BHD (Kimmeridge Clay) 42 -148 -162 to -98 +70 +50 to +120   

BHE (Corallian) 42 -221 -258 to -101 -10 -40 to +110   



50 Raper et al Shale gas water monitoring. Revised version 1/11/21 
 

Table 5b. Laboratory determinations of selected parameters for on-site groundwaters. For each 1232 

parameter, the upper row shows the median, the lower (feint script), the interquartile range. 1233 

 1234 

 1235 

 1236 

 1237 

 1238 

 1239 

 1240 

 1241 

 1242 

 1243 

 1244 

 1245 

 1246 

 1247 

 1248 

 1249 

 1250 

 1251 

  1252 

Location BHA BHB BHC BHD BHE 

Solute hydrochemistry 

N  19 19 19 19 19 

Ca mg/L 302 354 380 42 0.8 
  281-373 345-378 331-412 36-44 0.8-0.9 

Mg mg/L 18.2 7.4 12.7 6.3 0.9 
  17.6-22.5 7.1-7.6 12.2-15.4 5.6-6.6 0.8-0.9 

Na mg/L 24 34 37 431 746 
  24-26 33-34 33-38 402-459 712-786 

K mg/L 2.4 2.6 3.1 3.1 10.8 
  2.3-2.5 2.5-2.7 3.0-3.3 3.0-3.2 10.5-11.1 

Cl- mg/L 36 116 61 46 684 
  34-36 112-124 59-61 44-46 666-694 

SO42- mg/L 297 271 392 245 1.4 
  256-478 267-284 362-537 241-250 0.8-3.3 

Alkalinity meq/L 8.8 8.5 9.1 12.9 10.9 
  8.4-9.0 8.4-8.9 8.6-9.3 12.5-13.1 10.5-11.2 

NO3- mg/L  as NO3- <0.2 <0.2 <0.2 <0.2 <0.2 
  <0.2-<0.2 <0.2-<0.2 <0.2-<0.2 <0.2-<0.2 <0.2-<0.2 

Amm-N mg/L as N 0.27 0.06 0.12 1.41 0.94 
  0.26-0.29 0.05-0.08 0.12-0.13 1.37-1.42 0.92-0.99 

Fe (diss) µg/L 2696 659 1222 917 <20 
  2348-2797 434-1321 932-1309 725-1116 <20-<20 

Mn (diss) µg/L 86 141 104 18 <2 
  81-117 131-158 94-123 15-21 <2-<2 

As µg/L <2.5 <2.5 <2.5 <2.5 <2.5 
  <2.5-<2.5 <2.5-2.8 <2.5-<2.5 <2.5-2.6 <2.5-<2.5 

Ba µg/L 98 83 20 13 56 
  77-115 80-85 19-22 12-13 52-58 

B µg/L 101 79 136 1583 250 
  100-105 77-83 134-143 1561-1655 243-255 

Sr µg/L 534 499 567 765 131 
  523-568 485-512 561-612 735-791 130-137 

Dissolved gases 

N*  34 34 33 34 34 

CH4 µg/L 10 <1 2 68 50429 
  9.0-11 <1-3 <1-5.8 58-80 41089-55815 

C2H6 µg/L <1 <1 <1 <1 8 
  All <1 All <1 All <1 All <1 <1-9 

CO2 mg/L 296 341 350 102 7.4 

  260-325 304-376 283-389 97-120 5.7-8.4 
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Table 6. Statistical summary of δ13C values for dissolved methane and carbon dioxide in sample 1253 

sets from the Kirby Misperton area, with the laboratory’s tap water and air as the laboratory’s 1254 

designated “controls”. It is believed that the tap water methane isotopic ratio is likely to 1255 

represent an equilibrated atmospheric content. 1256 

 N δ13C in dissolved methane (‰) δ13C in dissolved CO2 (‰) 

  25%-ile Median 75%-ile 25%-ile Median 75%-ile 

Laboratory tap water 12 -52.2 -49.5 -48.6 -13.0 -11.8 -10.8 

Laboratory air sample 6 -50.1 -49.8 -49.4 -11.7 -11.2 -10.8 

Samples with median dissolved methane < 10 µg/L 

S1 9 -49.8 -49.3 -47.4 -28.5 -26.7 -25.1 

S3 7 -49.9 -49.0 -48.3 -26.6 -26.4 -26.1 

S4 9 -50.4 -48.4 -47.5 -27.8 -27.0 -25.7 

BHB 14 -54.7 -48.4 -46.4 -22.1 -21.8 -21.5 

BHC 14 -53.2 -48.9 -47.5 -23.2 -22.9 -22.0 

Samples with median dissolved methane > 10 µg/L 

S2 8 -56.3 -50.0 -49.1 -24.8 -24.3 -24.0 

G2 8 -49.6 -49.1 -48.5 -27.0 -26.1 -25.3 

G4 8 -49.4 -48.2 -46.7 -25.8 -25.7 -25.4 

G5 8 -49.2 -48.0 -46.8 -26.3 -26.0 -25.8 

G6 8 -49.5 -48.5 -45.9 -24.9 -24.1 -22.9 

BHA 14 -55.4 -49.4 -47.8 -24.3 -23.9 -23.3 

BHD 14 -52.2 -46.9 -46.1 -26.5 -26.0 -25.6 

Samples with median dissolved methane > 100 µg/L 

G1 8 -65.5 -47.9 -43.8 -23.0 -22.6 -22.4 

Samples with median dissolved methane > 1000 µg/L 

G3 8 -71.7 -59.0 -49.3 -25.4 -25.3 -25.0 

BHE 14 -74.7 -71.9 -69.5 -13.2 -10.5 -8.2 
 1257 

 1258 
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FIGURE CAPTIONS 1260 

Figure 1.    Simplified geological map of the Vale of Pickering, showing site location. (Based on 1261 

information from British Geological Survey Geoindex viewer: contains public sector information 1262 

licensed under the Open Government Licence v3.0). 1263 

Figure 2. (left) Map of Kirby Misperton area, showing study site and surface water sampling points 1264 

S2 and S3; (right) diagram of KMA well site and groundwater / surface water monitoring points. 1265 

Figure 3. Construction of on-site monitoring boreholes BHA to BHE. 1266 

Figure 4. Scatter plots showing the correlation between primary and duplicate samples for dissolved 1267 

methane, ethane and carbon dioxide. The dashed line shows a 1:1 correlation. Samples below 1268 

detection limit are plotted at a value of half the detection limit. 1269 

Figure 5. Time series plot of dissolved methane concentrations in groundwater from selected locations 1270 

during project lifetime (note logarithmic scale). Samples below detection limit are plotted at a value 1271 

of half the detection limit. 1272 

Figure 6. Comparison of results of BGS method (“steel cylinder”) and project methodology (“sealed 1273 

glass vial”) for dissolved methane sampling and analysis of groundwater from BHE. 1274 

Figure 7. Durov plot showing major ion composition of sampled waters. The meq proportions of major 1275 

cations / anions are plotted on the triangular fields and then projected onto the central square field. 1276 

Figure 8. (top) Boxplots showing distributions of δ13C in dissolved methane and dissolved carbon 1277 

dioxide (numbers of samples in Table 6, ) and (bottom) temporal variation is dissolved methane δ13C 1278 

in BHB, BHD and BHE. The isotopic composition of laboratory air is shown as a control. 1279 

Figure 9. A Bernard diagram showing fields typical of biogenic methanogenesis by CO2reduction (red) and 1280 

thermogenic (petrogenic) methanogenesis (blue), according to Baldassare (2010). Arrows show typical δ13C 1281 

ranges cited by Schloemer et al. (2016). Samples BHE and G3 are plotted, while the symbols for G1 represent 1282 

the lowest possible molar C1/(C2+C3) ratio. The C1/(C2+C3) ratio is simplified to methane/ethane in this 1283 

diagram, as no propane or higher alkanes were detected in the samples.1284 
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 1285 

Figure 1.    Simplified geological map of the Vale of Pickering, showing site location. (Based on information from British Geological Survey Geoindex viewer: 1286 
contains public sector information licensed under the Open Government Licence v3.0). 1287 
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 1288 

Figure 2. (left) Map of Kirby Misperton area, showing study site and surface water sampling points S2 and S3; (right) diagram of KMA well site and 1289 
groundwater / surface water monitoring points. 1290 
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 1291 

Figure 3. Construction of on-site monitoring boreholes BHA to BHE. 1292 

 1293 
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 1294 

Figure 4. Scatter plots showing the correlation between primary and duplicate samples for dissolved 1295 

methane, ethane and carbon dioxide. The dashed line shows a 1:1 correlation. Samples below 1296 

detection limit are plotted at a value of half the detection limit. 1297 

  1298 
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 1299 

Figure 5. Time series plot of dissolved methane concentrations in groundwater from selected locations 1300 

during project lifetime (note logarithmic scale). Samples below detection limit are plotted at a value 1301 

of half the detection limit. 1302 
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 1304 

Figure 6. Comparison of results of BGS method (“steel cylinder”) and project methodology (“sealed 1305 

glass vial”) for dissolved methane sampling and analysis of groundwater from BHE. 1306 
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 1308 

Figure 7. Durov plot showing major ion composition of sampled waters. The meq proportions of major 1309 

cations / anions are plotted on the triangular fields and then projected onto the central square field. 1310 
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 1312 

Figure 8. (top) Boxplots showing distributions of δ13C in dissolved methane and dissolved carbon 1313 

dioxide (numbers of samples in Table 6, ) and (bottom) temporal variation is dissolved methane δ13C 1314 

in BHB, BHD and BHE. The isotopic composition of laboratory air is shown as a control. 1315 

  1316 
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 1317 

Figure 9. A Bernard diagram showing fields typical of biogenic methanogenesis by CO2reduction (red) and 1318 

thermogenic (petrogenic) methanogenesis (blue), according to Baldassare (2010). Arrows show typical δ13C 1319 

ranges cited by Schloemer et al. (2016). Samples BHE and G3 are plotted, while the symbols for G1 represent 1320 

the lowest possible molar C1/(C2+C3) ratio. The C1/(C2+C3) ratio is simplified to methane/ethane in this 1321 

diagram, as no propane or higher alkanes were detected in the samples. 1322 
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