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KIRBY MISPERTON A WELLSITE, NORTH YORKSHIRE
1
1.1

INTRODUCTION
Background

Third Energy UK Gas Limited (Third Energy) is permitted to carry out a hydraulic fracturing operation on an existing
hydrocarbon production well (KM8) at Kirby Misperton A Wellsite, North Yorkshire (“the KMA Wellsite”).
The KM8 well was constructed in 2013 to a depth of 3099m true vertical depth (TVD) below ground level. The KM8
well is a vertical well and targets the Carboniferous Bowland Shale Formation, at depths of between c. 2000 and
3100 m TVD. The proposal is to hydraulically fracture the well at five intervals between approximately 2,123m and
3,044m TVD to enhance the production of natural gas (methane) from the target strata.
The location of the KMA Wellsite is shown on Figure 1.
1.2

Permit Conditions

A mining waste and groundwater activity permit (Ref. EPR/DB3002HE; “the permit”) was issued by the Environment
Agency for the hydraulic fracturing operation in April 2016 [Ref. 1].
The permit requires surface water and groundwater monitoring to be undertaken in accordance with Table S3.5 of
the permit, unless otherwise agreed with the Environment Agency. The monitoring locations are shown on Figure
1 and listed in Appendix A.
A deviation from the monitoring requirements listed in Table S3.5 of the permit is acknowledged in the
Environment Agency’s Compliance Assessment Report (CAR) ID: 402444/0285072 [Ref. 2], which forms an
agreement in writing under Condition 3.5.1 of the permit to remove the requirement to monitor for citric acid
triethyl ester, hemicellulase enzyme, maltodextrin, sodium carboxymethyl cellulose, sodium gluconate, 1,3,5
triazine and glycine as listed in Table S3.5. The deviation was required because it is not possible to analyse for these
seven parameters in groundwater samples. Full details relating to this are available through the Environment
Agency’s online consultation hub (https://consult.environment-agency.gov.uk/onshore-oil-and-gas/third-energykirby-misperton-information-page/).
The final agreed list of monitoring parameters is presented as Appendix B.
1.3

Purpose of this Report

This report presents data collected during the operational activities at the KMA Wellsite to fulfil the Environment
Agency’s reporting requirements.
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2

OPERATIONAL MONITORING

2.1

Overview

The permit requires monitoring to be carried out during the hydraulic fracturing operation, including workover
activities. This follows the three months of baseline monitoring required by the permit, which has been presented
to the Environment Agency [Ref. 3]. Note that an additional round of baseline monitoring was carried out on
07/09/2017 – 08/09/2017 ahead of operational activities at the wellsite.
2.2

Monitoring Points

The permit requires monitoring to be undertaken at five on-site monitoring boreholes (BHA to BHE) at the KMA
Wellsite and nine offsite monitoring locations including six groundwater locations (G1 – G6) and three surface water
locations (S1 to S3).
Note that, in addition to the single monitoring location on the Sugar Hill Drain (S1) specified in the permit,
monitoring is also being carried out at a location upstream of the KMA Wellsite on the Sugar Hill Drain (S4).
The locations of the groundwater monitoring boreholes at the KMA Wellsite and the offsite surface water and
groundwater monitoring points are shown on Figure 1.
2.3

Monitoring Frequency

Monitoring is carried out weekly during hydraulic fracturing operations (including workover activities) at BHA – BHE,
S1 and S4; and monthly thereafter. Monitoring is carried out monthly at G1 – G6, S2 and S3.
2.4

Sampling Method

Water samples are collected from the various surface water and groundwater features with reference to relevant
parts of BS ISO 5667 (Water Quality Sampling). The sampling techniques are described in a separate sampling
protocol that has been prepared by Envireau Water and adopted as a Third Energy operational technique [Ref. 4].
Field monitoring for headspace methane (i.e. gas phase methane occurring in the atmosphere above the water
level in the enclosed monitoring boreholes) is carried out by staff from Ground Gas Solutions Ltd using portable gas
analysers as follows:
•

Monitoring of the onsite boreholes (BHA to BHE) is carried out using either a GFM400 series or GA5000
gas analyser. The gas analysers are connected to gas ports located at the top of the boreholes. Headspace
gas is then pumped out of the sealed borehole top and through the detector, and flow rates, bulk gas
concentrations (methane, carbon dioxide and oxygen), and trace gas compounds (hydrogen sulphide and
carbon monoxide) are measured. Methane, carbon dioxide and oxygen are measured as volume % in air
whilst hydrogen sulphide and carbon monoxide are measured in parts per million by volume (ppmv).
During gas sampling the exhaust of the gas analyser is attached to the inlet of a TDL-500 gas analyser to
additionally allow more sensitive measurements of methane as low as 1 ppmv.

•

The offsite monitoring boreholes and water wells are not fitted with gas ports and therefore monitoring is
carried out using a TDL-500 gas analyser to detect methane at levels as low as 1 ppmv. In these cases, water
samples are collected and the inlet tubing of the TDL is placed insider the sample container to obtain a
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methane measurement. These determinations are therefore not made in the well headspace, but rather
made in the headspace of the sample container.
Ground Gas Solutions Ltd (GGS) was unavailable to carry out gas sampling on 25/10/17. Monitoring for headspace
methane at the onsite monitoring boreholes (BHA – BHE) was therefore carried out by Envireau Water using a hired
TDL-500 gas analyser connected directly to the gas ports located at the top of the boreholes. This allows
measurements for headspace methane as low as 1 ppmv to be obtained, which is equivalent to the GGS method
and consistent with other sampling rounds.
2.5

Analysis Methods

Field analysis is carried out during water sampling using handheld devices for determination of water temperature,
pH, electrical conductivity (EC) and redox potential (ORP), and also headspace methane.
Water samples are submitted for laboratory analysis to Jones Environmental (Exova) Laboratory and the University
of Durham (the latter for stable isotope analysis only). Summary details of the analysis methods used by Jones
Environmental Laboratory are provided in Appendix C. The method used by the University of Durham for stable
isotope (13C) analysis is based on Roberts and Shiller [Ref. 5].
2.6

Analysis Procedure

2.6.1

Field Data

Field analysis is carried out for water temperature, pH, electrical conductivity (EC), oxidation-reduction potential
(ORP), dissolved oxygen and headspace methane. Field results are processed within 3 working days of sampling.
2.6.2

Analytical (Laboratory) Data

The procedure for laboratory analysis is as follows:

2.7

•

Water samples are couriered overnight on the day of collection to Jones Environmental Laboratory for
analysis. Samples are delivered the next day following the completion of the sampling round to the
University of Durham (stable isotope analysis only).

•

As a minimum, the following initial analysis is carried out on a 3 working day turnaround: pH, EC, TDS, TSS,
sodium, magnesium, calcium, potassium, chloride, bicarbonate alkalinity, sulphate, nitrate, nitrite,
ammonium, iron, methane.

•

The remainder of the analysis required by the permit is being carried out on a 10-working day turnaround.
The only exception to this is any sub-contracted analysis, which can take slightly longer; and the analysis
for stable isotopes (δ13CH4, δ13CO2), which takes up to 20 days.

•

Results are sent from Jones Environmental Laboratory and the University of Durham to Envireau Water for
processing and reporting.
Reporting Procedure

Available analytical results are reported weekly during operational activities at the KMA Wellsite and monthly
during periods of no operational activities; and provided to Third Energy and the Environment Agency.
Note that occasionally, laboratory turnaround times may be slightly longer than anticipated and this may impact
on reporting times.
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3

RESULTS

3.1

Availability

The operational activities at the KMA Wellsite commenced on w/c 16/10/2017 and were suspended on
06/12/2017. Following suspension of operations, the sampling frequency has reverted to monthly [Ref. 6] and since
March 18 for a reduced sampling and analysis suite [Ref. 7]. Activities during the “operational” period have not
included hydraulic fracturing. The water monitoring carried out to date is summarised in Table 1.
Table 1 Sampling Rounds during the Operational Period and the Period of Suspended Operations
Monitoring
Date

Monitoring Locations

BHA

BHB

BHC

BHD

BHE

S1

S2

S3

S4

G1

G2

G3

G4

G5

G6

18/10/17

X

X

X

X

X

D

-

-

D

-

-

-

-

-

-

25/10/17

X

X

X

X

X

X

-

-

X

-

-

-

-

-

-

31/10/17

X

X

X

X

X

X

-

-

X

-

-

-

-

-

-

06-07/11/17

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

15/11/17

X

X

X

X

X

X

-

-

X

-

-

-

-

-

-

22/11/17

X

X

X

X

X

X

-

-

X

-

-

-

-

-

-

29/11/17

X

X

X

X

X

X

-

-

X

-

-

-

-

-

-

05-06/12/17

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

14/12/17

X

X

X

X

X

X

-

-

X

-

-

-

-

-

-

04-05/01/18

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

13-14/02/18

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

14/03/18

X

X

X

X

X

X

-

-

X

-

-

-

-

-

-

NOTES: (X) location sampled, (D) insufficient water to sample, (-) location not included in sampling round

Based on the analysis and reporting procedures in Section 2.6, the results of the operational water sampling data
currently available are summarised in Table 2.
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Table 2 Operational Sampling Data Availability
Monitoring
Date

Field analysis

Initial analytical analysis

Remainder of analytical
analysis, excluding stable
isotopes

Stable isotope analysis

pH, EC, ORP, headspace
methane

pH, EC, TDS, TSS, sodium,
magnesium, calcium,
potassium, chloride,
bicarbonate alkalinity,
sulphate, nitrate, nitrite,
ammonium, iron, methane

18/10/17

X

X

X

X

25/10/17

X

X

X

X

31/10/17

X

X

X

X

06-07/11/17

X

X

X

X

15/11/17

X

X

X

X

22/11/17

X

X

X

X

29/11/17

X

X

X

X

05-06/12/17

X

X

X

X

14/12/17

XA

X

X

N/A

04-05/01/18

X

X

X

X

13-14/02/18

X

X

X

X

14/03/18

X

X

N/A

N/A

δ13CH4, δ13CO2

NOTES: (X) data available-, (XA) excluding headspace methane, N/A = not analysed

Note that water samples collected on 06/12/17 at S1, S4 and BHA-BHE (“original samples”) were delayed by over
a week in transit between the courier depot and Jones Environmental Laboratory. Additional water samples were
therefore collected on 14/12/17 for laboratory analysis and the results compared against the original samples.
These additional samples were not analysed for headspace methane or stable carbon isotopes.
3.2

Results

Analytical results from operational sampling and sampling from the period of suspended operations are presented
electronically in Table 3, together with the results from the four preceding baseline samples (April-September
2017). Headspace methane results from operational sampling are presented separately in Table 4. Both tables can
be found at the end of this report.
Laboratory test certificates are available on request. The following sections discuss the results from the operational
monitoring rounds and provide a comparison with the earlier baseline sampling.
Field observations of weather conditions are presented in Appendix D; supported by groundwater level
measurements from the well site boreholes and rainfall data collected from a rain gauge installed at the site.
Although provision of this data is not a specific monitoring requirement of the permit, it provides an important
context for interpretation of the laboratory data.
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3.3

Trends

Selected chemical indicators have been plotted graphically to illustrate the trends in water chemistry across the
baseline and operational monitoring period. The indicators include major ions and other minor constituents and
have been chosen to align with the BGS baseline data that is currently available in a graphical format through the
BGS website (http://www.bgs.ac.uk/research/groundwater/shaleGas/monitoring/waterQualityYorkshire.html).
It should be noted that the charts present selected indicator analytes and not the full suite of analytes, simply to
make presentation of a manageable size for a summary report.
Surface water data are presented on Figure 2 and groundwater data are presented on Figures 3a, 3b and 3c. Data
have also been plotted as a Durov diagram and the resulting chart is presented on Figure 4. The Durov diagram is a
common presentation, used to plot the relative proportions (in milliequivalents per litre) of the major cations and
anions (Na+, Ca++, Mg++, K+, Cl-, SO4= and alkalinity [being the sum of CO3= + HCO3-]) in a water sample. The water
sample depths are illustrated on the generalised vertical section on Figure 5.
3.3.1

Summary of Surface Water

Both surface water samples from the Sugar Hill Drain (S1 and S4) are Ca-HCO3 waters, as on previous sample
occasions, with a slightly alkaline pH (field pH 7.2 and 7.3, respectively, on 14/03/18, according to Hanna HI 98195).
The surface water samples S1 and S4 are similar to each other in terms of most hydrochemical parameters
(unsurprising as they derive from the same watercourse). However, a few parameters do show significant
differences between S1 (downstream) and S4 (upstream):
•

S1 contains more nitrate (9.0 mg/L as NO3-) than the upstream site S4 (<0.2 mg/L)

•

S1 contains less ammonium (2.15 mg/L as N) than the upstream site S4 (3.6 mg/L)

•

S1 contains less dissolved iron and manganese than the upstream site.

•

S1 contains less total suspended solids (TSS – 69 mg/L) than the upstream site S4 (122 mg/L).

These observations all suggest that the upstream location is more chemically reducing than the downstream
location (immediately after sampling point S4, the stream falls from a culvert, aerating the water). This is reflected
in the oxidation-reduction potentials (ORP) recorded by the Hanna HI 98195 meter: +44 mV in S4 (upstream, the
lowest value hitherto recorded) and +104 mV in S1.
The chemistry of the two surface water samples (S1 and S4) has changed since the previous sampling round
(14/02/2018). On the previous sampling date, the concentrations of most major ion solutes (calcium, magnesium,
sulphate, sodium, chloride, alkalinity, conductivity) had risen significantly, an observation which was presumed to
reflect drier weather in February 2018 resulting in a higher proportion of ion-rich baseflow in the stream. In March
2018, the concentrations of many ionic solutes (calcium, alkalinity, sulphate) has fallen again (although sodium and
chloride have changed very little), reflecting the generally wetter weather and a greater component of surface runoff (Figure 2). Temporal variation in surface water chemistry should be expected, as it will depend on antecedent
weather and the relative proportions of rainfall runoff and groundwater in the watercourses.
Of note, however, is the fact that concentrations of ammonium and potassium have increased very dramatically
between the sampling rounds in February and March 2018, to their highest recorded concentrations:
•

Ammoniacal nitrogen has increased from 0.04 mg/L to 3.6 mg/L as N in S4 (upstream)
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•

Ammoniacal nitrogen has increased from 0.06 mg/L to 2.15 mg/L as N in S1 (downstream)

•

Potassium has increased 5.8 mg/L to almost 27 mg/L in S4 (upstream)

•

Potassium has increased 5.2 mg/L to almost 20 mg/L in S1 (downstream)

The fact that the highest concentrations of both ammonium and potassium are recorded in the section of the
stream upstream of the wellsite confirms that the potential contamination has no connection with activities at the
wellsite. The fact that both potassium and ammonium are also nutrient parameters suggests that the increased
concentrations may have their origin in agricultural practices, possibly application of manures or fertilisers to fields
or leakage of animal slurry.
As regards other field observations in S1 and S4 on 14/03/18, the water temperature was 8.5 and 8.3°C respectively.
On 14/03/18, a dissolved methane concentration of 3 µg/L was recorded in both S1 and S4 (although 15 µg/L was
recorded in the duplicate sample of S4); there is a precedent for methane detects at similar levels in previous
sampling rounds in the Sugar Hill Drain and other surface waters.
3.3.2

Summary of Groundwater Data

BHA, BHB, BHC
The groundwaters from boreholes BHA, BHB and BHC have previously been characterised as Ca-HCO3-SO4 waters,
although sulphate has exceeded bicarbonate in BHA and BHC in both the February and March 2018 sampling
rounds, so the more proper classification is Ca-SO4-HCO3 for these two boreholes. Calcium and sulphate
concentrations in BHA and BHC had risen significantly during the course of the previous two sampling rounds and
concentrations now approach those measured during baseline sampling in Spring 2017. It appears that BHA and
BHC exhibit long term (possibly seasonal) trends, with high Ca and SO4= in spring and low concentrations in late
autumn. BHB does not exhibit such a clear trend. As regards other parameters plotted in Figure 3a, concentrations
fall broadly within the range observed during previous sampling rounds. However, the graphs indicate a shallow
increasing trend in chloride (but not sodium) in BHB until Nov 2017, followed by a slight falling trend. Recent
samples also exhibit a rising trend in dissolved iron in BHB (and, until March 2018, also BHC), but still within the
concentrations observed during the baseline period.
Dissolved methane concentrations were 10, 3 and 3 µg/L in BHA, BHB and BHC, respectively, for the samples of
14/3/18, which are consistent with previous sampling rounds and with the baseline.
Field determinations on 14/03/18 from BHA, BHB and BHC all report slightly sub-neutral pH values (Hanna HI
98195) of around 6.2-6.3, which are lower than on previous occasions (the smarTROLL pH meter returned
somewhat higher readings, suggesting that the Hanna instrument may have been reading slightly “low” on this
occasion). The groundwater temperature ranged (Hanna HI 98195) from 9.9 to 10.2°C. The oxidation-reduction
potentials (as measured by the Hanna HI 98195 meter’s Pt sensor with Ag/AgCl reference electrode) were -99, +20
and +20 mV, respectively. These values confirm previous findings and that BHA represents the most chemically
reducing environment of the three shallow monitoring boreholes at the KMA Wellsite (and also typically returns
the highest methane concentrations).
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BHD
The water from BHD can still be characterised as a Na-HCO3 water, as was the case during the previous sampling
round (14/02/18) and during the baseline. The long-term graph (Figure 3b) indicates that there was an increasing
trend in calcium, from 25-30 mg/L during the baseline to c. 50 mg/L in November 2017. This increasing trend was
already visible in the baseline sampling round of September 2017 and cannot be ascribed to the operational phase
at the KMA Wellsite. However, since November 2017 the trend appears to have reversed, suggesting a seasonal
effect, with a current (March 2018) calcium concentration at c. 38 mg/L. Chloride, ammonium, sulphate, sodium
and laboratory electrical conductivity all remain broadly consistent with previous sample rounds, although there
are hints of seasonal trends in chloride (slightly elevated during late autumn/early winter) and dissolved iron (high
during late autumn/early winter). Nitrate was recorded as being below the limit of detection in BHD. In March 2018,
alkalinity was a little lower than previously recorded, although there is no clear indication of a trend in this
parameter.
The dissolved methane concentration in BHD (59 µg/L) remains consistent with concentrations observed during
previous sampling rounds, albeit slightly lower than during the baseline.
Field determinations on 14/03/18 from BHD report slightly alkaline water with a field pH (Hanna HI 98195) of c. 7.3,
which is lower than previous sampling rounds (although the smarTROLL pH meter returned higher readings within
a more typical range, suggesting that the Hanna instrument may have been reading slightly low on this occasion).
The groundwater temperature was (Hanna HI 98195) 10.9°C. The oxidation-reduction potentials in BHD (as
measured by the Hanna HI 98195 meter’s Pt sensor with Ag/AgCl reference electrode) was -173 mV. This reflects a
considerably more reducing chemical environment in BHD than BHA-BHC.
BHE
The water from BHE can still be characterised as Na-Cl-(HCO3) type. In BHE, concentrations of both Ca and SO4= have
remained both low and consistent with the baseline sampling round (Figure 3c). The plotted parameters exhibit
(Figure 3c) concentrations consistent with those observed during the previous sampling rounds, although the
alkalinity determination (as in BHD) is a little lower than previously. The dissolved iron and manganese contents
remain very low at <20 and <2 µg/L, respectively.
In BHE, the dissolved methane concentration measured on the sample collected 14/03/18 (59 mg/L) is consistent
with previous recent sampling rounds. This is above the solubility limit of methane and, indeed, gas bubbles can be
observed slowly exsolving from the water during sampling, implying that the true total methane content of
groundwater in situ is likely to be higher than that recorded here. Indeed, the variation in methane concentrations
recorded in Figure 3c may reflect the “efficiency” of sampling (i.e. degree to which the sample degasses prior to
sealing the flask) rather than in situ conditions.
Field determinations on 14/03/18 on groundwater from BHE yielded a highly alkaline water with field pH (Hanna
HI 98195) of c. 9.5, which is somewhat lower than previous sampling rounds (although the smarTROLL pH meter
returned higher readings within a more typical range, suggesting that the Hanna instrument may have been reading
slightly low on this occasion). The high pH explains certain aspects of the water’s hydrogeochemistry (for example,
the dissolved aluminium concentrations, as this element only becomes soluble at very low or very high pH). The
groundwater temperature was (Hanna HI 98195) 10.7°C. The oxidation-reduction potential (as measured by the
Hanna HI 98195 meter’s Pt sensor with Ag/AgCl reference electrode) was -236 mV, reflecting a highly reducing
hydrochemical environment.
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Dissolved ethane, propane, butane
No new ethane, propane or butane analyses have been carried out in connection with the sampling of 14/03/18.
Previously, no dissolved propane or butane have been found by the laboratory in any of the groundwater or surface
water samples around the Kirby Misperton A well site. Dissolved ethane is often (but not always) found in BHE at
concentrations of around 9 µg/L and in borehole G3 at c. 20 µg/L (Figure 6a). The molar ratio methane: ethane can
assist in the diagnosis of sources of ethane and is plotted in Figure 6b. The ratio also features in the Bernard Diagram
of Figure 9, discussed under in more detail below.
3.3.3

Reporting of additional parameters from samples taken 14/03/18

Additional analytical data is available from the laboratory (Exova Jones) for the samples taken on 14/03/2018. These
results concern surface water samples S1 and S4 and groundwater samples BHA to BHE and can be summarised as
follows:
•

No gasoline range organics (GRO C4-C10), extractable petroleum hydrocarbons (EPH C8-C40), MTBE or
BTEX compounds were detected in any of the surface- or groundwater samples.

•

No acetic acid or sodium persulphate were detected in the samples. Acrylamide, monoethylene glycol,
formaldehyde and non-ionic surfactants were omitted from the analysis protocol for this sampling round.

•

Anionic surfactants (as analysed by Exova Jones) were detected in all of the samples at concentrations of
0.9 to 1.2 mg/L, relative to a detection limit of 0.2 mg/L. 1.3 mg/L was also detected in the blank, casting
doubt on the analytical reliability of this parameter. The poor results from Exova Jones laboratory have
been commented before in this report series. For this reason, the samples were also analysed at Socotec
laboratory for anionic surfactants. Socotec returned values of <0.1 mg/L for all groundwater samples,
except BHE (0.1 mg/L, the LOD). S1 (downstream surface water) returned a value of <0.1 mg/L, while
upstream sample S4 returned concentrations of 0.4 mg/L in the primary and duplicate samples. The blank
returned a value of <0.1 mg/L. The results appear to confirm the Socotec method is more reliable than
Exova Jones. Duplicate samples will be collected during the next (April 2018) sampling round to gain
confidence in the results.

3.3.4

Reporting of stable isotopic parameters

No new carbon isotopic analyses have been carried out in connection with the sampling of 14/03/18. However, the
carbon isotopic data is summarised briefly below (see Figures 7 and 8):
•

The methane isotopic signatures exhibit considerable variation between sampling rounds, possibly
depending on the degree to which the samples have equilibrated with ambient air.

•

The methane signature from BHE, which also contains the highest dissolved methane concentrations, has
consistently exhibited a highly negative (c. -70 ‰ or lower) signature, which is indicative of a biogenic origin
(bacterial methanogenic CO2 reduction) in the deep subsurface (Figure 7). Some other groundwater
sources, especially G1 and G3 (which also contain significant methane concentrations) also occasionally
exhibit highly negative 13CH4 signatures, although on a less consistent basis than BHE. The other samples,
with much lower dissolved methane contents, exhibit much less negative signatures, which are typically
not dissimilar to laboratory tap water. The less negative signatures could be explained by several
mechanisms (e.g. thermogenesis, microbial oxidation of biogenic methane, shallow biogenic methane
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formed by fermentative pathways), but the most likely explanation is varying degrees of equilibration of
ambient air.
As regards the 13C signature of dissolved carbon dioxide, (Figure 8), most of the groundwaters and the four surface
waters typically show signatures of around -21 to -28‰, which suggests equilibration with soil gas or biodegrading
subsurface organic matter. The most hydrochemically “mature”, deepest and highest pH water (with the lowest
dissolved CO2 content - BHE) has a far less depleted 13C signature (typically -7 to -15‰), which suggests closed
system soil gas interaction with limestone (carbonate) minerals.
Bernard et al. [Ref. 8, 9] examined the carbon isotopic composition and the molar (methane / ethane + propane)
ratios characteristic of thermogenic natural gas and biogenic (bacterial methanogenic) gas. Bernard et al. [Ref. 9]
specifically state that, “biogenic gas consists almost exclusively of methane, carbon dioxide, and hydrogen sulfide,
having C1/(C2+C3) ratios greater than 1000 and carbon isotope ratios (δ13C values) more negative than -60%.
Petroleum-related hydrocarbon gases generally have C1/(C2+C3) ratios smaller than 50 and isotopic ratios greater
than -50‰”.
Since the times of Bernard et al.’s papers, there has been a growing realisation that dissolved methane does not
have to be either methanogenic (CO2 reduction pathway) or thermogenic. Methane can also be produced in
terrestrial subsurface environments by, for example, carboxylate (acetate) fermentation processes, resulting in δ13C
signatures that are less negative than bacterial methanogenesis and which can impinge on the “thermogenic” field
(Baldassare [Ref. 10] cites values of -40 to -62‰ as being typical of methane produced by acetate fermentation).
Also, fractionation processes (methane oxidation) can affect the carbon isotope signature, once generated.
However, a Bernard diagram (Figure 9) remains a typical diagnostic plot, plotting the ratio (methane / (ethane +
propane)) against δ13CH4. In Figure 9, the water from BHE falls squarely within the deep biogenic (methanogenesis
by CO2 reduction) field.
The position of the gases from G3 are less clearly diagnostic, however, with variable 13CH4 signatures and a methane
: ethane ratio of 310 – 350 (Figure 6b). The Schloemer et al. [Ref. 11] version of the Bernard diagram places the
lower limit of the deep biogenic field at a molar methane : ethane ratio around >300 (Figure 9). Thus, on balance,
the frequent highly negative carbon isotope signature in methane from G3, together with the relatively high
methane/ethane ratios (well above Bernard et al.’s upper threshold of <50 for definitive thermogenic origin),
suggest that the hydrocarbon gas content in G3 is likely to have a significant methanogenic component on many
sampling occasions. Involvement of other processes and / some degree of mixing (together with temporal variation
in water origin) cannot be excluded, however.
Ratios for G1 are not plotted as ethane is consistently <1 µg/L, but given typical methane concentrations of 600700 µg/L, the molar ratio methane : ethane typically exceeds 1000. Taken together with the occasionally highly
negative 13CH4, this also suggests a likely biogenic derivation for methane in G1.
3.3.5

Reliability and Reproducibility of Data

The ion balance errors for five of the eight samples (7 locations + 1 duplicate) collected on 14/03/18 were 5% or
less. Two of the remaining three were in the range 6-10%. The remaining sample (BHA) returned an ion balance
error of 11%. All significant ion balance errors were positive and could possibly be related to a slight laboratory
underestimation of alkalinity.
The duplicate sample from S4 (14/03/18) exhibited generally good reproducibility with the primary sample, except
for the following parameters:
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•

Dissolved methane was lower in the primary than the secondary sample (3 µg/L versus 15 µg/L).

The single blank sample delivered to the laboratory from 14/03/18 showed few false positive detects, with the
exceptions of:
•

A positive detect of 8 µg/L dissolved methane. This has been investigated with the laboratory and the result
confirmed.

•

A positive detect of dissolved copper at 37 µg/L (on an ICP-OES analysis, with respect to a detection limit
of 7 µg/L) and of zinc at 5 µg/L (with respect to a detection limit of 3 µg/L). The copper “detect” was also
noted in the blank from the previous sampling round (13-14/02/18). For this reason, all 14/03/18 samples
were re-run using (more sensitive) ICP-MS analytical techniques for Cu. The positive detect in the blank
sample persisted at 34 µg/L (with respect to a detection limit of 1 µg/L), which was far higher than found
in any of the “real” samples. On this basis, it appears that the blank sample was somehow contaminated
with copper. Envireau Water has reviewed their sampling procedure but has not identified any plausible
explanation.

•

Boron, as analysed by ICP-OES originally gave a positive detect on the blank sample of 16 µg/L (relative to
a detection limit of 12 µg/L). All samples were thus re-run on an ICP-MS machine; the results for the “real”
samples were similar to previously but the blank now returned <12 µg/L. The laboratory has commented
that the original “false positive” may have been due to carry-over from a previous saline sample.

•

Originally, poor reproducibility was found for arsenic (ICP-OES) between primary and duplicate samples for
S4. All samples were re-run on ICP-MS, with a much lower analytical detection limit, resulting in very good
reproducibility.

Envireau Water will continue to monitor the reliability and reproducibility of the analytical data.
It should be noted that the new analyses for anionic surfactants at Socotec laboratory delivered reproducible results
on the duplicate samples from S4 and a null result for the blank.
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4

DISCUSSION

4.1

Summary

This report presents:
•

The data available from the analysis of water samples collected on 14/03/18.

•

Discussion of ethane, methane and methane 13C signatures for the entire data set

Results from surface water samples collected on 14/03/18 show some changes in surface water chemistry in
comparison to the previous sampling round. In the surface water samples, the concentration of several solutes has
declined since February 2018, probably reflecting a greater component of surface runoff (and a wetter climate in
March than February), and a lesser component of groundwater baseflow. Moreover, the surface water samples
S1 and S4, from the Sugar Hill Drain, exhibit abnormally high concentrations of ammoniacal nitrogen and potassium.
However, as the concentrations are higher upstream (S4) of the well site than downstream (S1), it is inferred that
there may have been an ingress of reducing, nutrient rich material to the stream upgradient of the well site
(potentially manure, fertiliser or animal slurry).
The operational monitoring data show little significant change in groundwater chemistry in comparison to baseline
and previous operational data. Plots of hydrochemical trends suggest some degree of seasonality in groundwater
chemistry, most notably as regards:
•

Calcium and sulphate in BHA and BHC (low in late autumn / early winter)

•

Chloride in BHB (slightly elevated in late autumn / early winter)

•

Calcium and dissolved iron in BHD (slightly elevated in late autumn / early winter)

Borehole BHE continues to return the highest concentrations of dissolved methane in its groundwater, although
the analysed value (59 mg/L) is within the range of previously recorded data.
The monitoring data do not suggest there has been a change in groundwater or surface water chemistry as a result
of operational activities at the KMA Wellsite. It is important to note that operational activities to date have not
included hydraulic fracturing, and there have been no activities since suspension of operations in early December
2017.
4.2

Future Monitoring

The next round of sampling is currently planned for April 2018.
Envireau Water
13/04/2018

Ref: P:\TE KMA Monitoring 2018 (2335)\40 - Reporting\Operational Data\Round 38 - 14_03_18\Report r0 14_03_18.docx
Rev: 13/04/2018

Page 12 of 13

Envireau Water
5

REFERENCES

Ref. 1 Kirby Misperton A Wellsite, Permit number EPR/DB3002HE. Environment Agency, 11/04/16.
Ref. 2 Environment Agency EPR Compliance Assessment Report ID: 402444/0285072, 19/05/2017.
Ref. 3 Baseline Water Quality Data, April – June 2017, Kirby Misperton A Wellsite, North Yorkshire. Prepared by
Envireau Water for Third Energy UK Gas Ltd, July 2017. Report resubmitted September 2017.
Ref. 4 Groundwater and Surface Water Sampling Protocol. Prepared by Envireau Water for Third Energy UK Gas
Ltd, October 2016.
Ref. 5 Roberts H. M. and Shiller A.M., 2015. Determination of dissolved methane in natural waters using
headspace analysis with cavity ring-down spectroscopy. Analytica Chimica Acta, 856:68-73.
Ref. 6 Environment Agency EPR Compliance Assessment Report ID: 402444/0297597, 07/12/2017.
Ref. 7 Environment Agency EPR Compliance Assessment Report 402444/0298598, 20/12/2017.
Ref. 8 Bernard BB, Brooks JM & Sackett WM (1976) Natural gas seepage in the Gulf of Mexico. Earth and
Planetary Science Letters 31(1): 48-54. Doi: 10.1016/0012-821X(76)90095-9
Ref. 9 Bernard BB, Brooks JM & Sackett WM (1977) A geochemical model for characterization of hydrocarbon
gas sources in marine sediments. Proc. 9th Annual Offshore Technol. Conf. (Paper OTC 2934): 435-438. 25 May 1977, Houston, Texas, USA. Doi: 10.4043/2934-MS
Ref. 10 Baldassare FJ (2010). Applications in the use of Isotope Geochemistry to identify the origin of methane in
the environment. Presentation 59, 2010 Annual Forum of the Groundwater Protection Council (USA).
http://www.gwpc.org/sites/default/files/event-sessions/11Baldassare_Fred.pdf
Ref. 11 Schloemer S, Elbracht J, Blumenberg M & Illing CJ (2016). Distribution and origin of dissolved methane,
ethane and propane in shallow groundwater of Lower Saxony, Germany. Applied Geochemistry. 67: 118132. Doi: 10.1016/j.apgeochem.2016.02.005.

Ref: P:\TE KMA Monitoring 2018 (2335)\40 - Reporting\Operational Data\Round 38 - 14_03_18\Report r0 14_03_18.docx
Rev: 13/04/2018

Page 13 of 13

Envireau Water

TABLE 3
Water Sample Analysis Results
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Headspace Methane Results

Ref: P:\TE KMA Monitoring 2018 (2335)\40 - Reporting\Operational Data\Round 38 - 14_03_18\Report r0 14_03_18.docx
Rev: 13/04/2018

Table 4

Envireau Water
Location

Date

BHA

25/04/2017
18/05/2017
15/06/2017
07/09/2017
18/10/2017
25/10/2017
31/10/2017
07/11/2017
15/11/2017
22/11/2017
29/11/2017
06/12/2017
05/01/2018
14/02/2018
14/03/2018
25/04/2017
18/05/2017
15/06/2017
07/09/2017
18/10/2017
25/10/2017
31/10/2017
07/11/2017
15/11/2017
22/11/2017
29/11/2017
06/12/2017
05/01/2018
14/02/2018
14/03/2018
25/04/2017
18/05/2017
15/06/2017
07/09/2017
18/10/2017
25/10/2017
31/10/2017
07/11/2017
15/11/2017
22/11/2017
29/11/2017
06/12/2017
05/01/2018
14/02/2018
14/03/2018
25/04/2017
18/05/2017

BHB

BHC

BHD

Steady Methane
(ppmv)
14.6
8.8
1.8
31.4
3.0
77.0
2.4
68.1
2.1
2.8
33.1
2.5
23.2
1.8
2.2
46.8
22.7
32.4
33.1
3.0
3.0
7.5
15.7
2.7
25.1
2.9
2.1
2.2
2.3
2.2
2.1
3.5
19.8
28.0
3.0
3.0
2.2
34.5
2.6
3.2
2.9
2.2
4.9
1.4
2.0
2.0
32.8

Peak Methane
(ppmv)
22.8
14.3
1.8
31.5
20.8
77.0
10.2
68.6
2.2
3.0
35.2
2.5
23.5
1.8
2.2
46.8
22.7
35.4
33.1
98.9
62.0
56.0
16.1
2.7
35.2
3.1
2.1
2.2
2.3
2.2
2.1
17.1
42.8
30.0
28.0
22.0
2.4
34.6
2.7
3.3
3.1
2.2
5.2
1.4
2.0
2.0
32.8
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Location

Date

BHD

15/06/2017
07/09/2017
18/10/2017
25/10/2017
31/10/2017
07/11/2017
15/11/2017
22/11/2017
29/11/2017
06/12/2017
05/01/2018
14/02/2018
14/03/2018
25/04/2017
18/05/2017
15/06/2017
07/09/2017
18/10/2017
25/10/2017
31/10/2017
07/11/2017
15/11/2017
22/11/2017
29/11/2017
06/12/2017
05/01/2018
14/02/2018
14/03/2018
24/04/2017
17/05/2017
14/06/2017
07/09/2017
06/11/2017
05/12/2017
04/01/2018
13/02/2018
24/04/2017
17/05/2017
14/06/2017
07/09/2017
06/11/2017
05/12/2017
04/01/2018
13/02/2018
24/04/2017
17/05/2017
14/06/2017

BHE

G1

G2

G3

Steady Methane
(ppmv)
1.8
2.7
3.5
4.0
2.3
2.8
2.8
2.8
2.5
2.5
3.0
2.3
1.8
50.0
2,861.0
338.0
629.0
1,100.0
5,300.0
2,903.0
2,600.0
2,890.0
3,600.0
1,400.0
1,009.0
4.9
21,000.0
10,000.0
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

Peak Methane
(ppmv)
19.1
2.7
3.5
753.0
2.4
22.7
2.9
3.2
2.5
2.5
3.1
2.3
1.9
120.0
5,000.0
10,000.0
2,200.0
1,100.0
7,230.0
2,903.0
2,701.0
3,003.0
6,300.0
4,335.0
1,190.0
8.0
21,000.0
20,000.0
2,896.0
63.1
30.1
106.0
6.2
12.2
5.2
15.3
<3.0
<3.0
<3.0
<3.0
<3.0
<3.0
<3.0
<3.0
15.7
261.0
20.9
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Location

Date

G3

07/09/2017
06/11/2017
05/12/2017
04/01/2018
13/02/2018
24/04/2017
17/05/2017
14/06/2017
07/09/2017
06/11/2017
05/12/2017
04/01/2018
13/02/2018
24/04/2017
17/05/2017
14/06/2017
07/09/2017
06/11/2017
05/12/2017
04/01/2018
13/02/2018

G4

G5

Steady Methane
(ppmv)
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

Peak Methane
(ppmv)
23.0
162.0
18.1
23.5
19.0
<3.0
<3.0
<3.0
<3.0
<3.0
<3.0
<3.0
<3.0
<3.0
<3.0
<3.0
<3.0
<3.0
<3.0
<3.0
<3.0

Note: <3.0 ppmv classed as background level by Ground-Gas Solutions.
Note: BHE results – Ground-Gas Solutions have reported the gas valve was not tightened following the previous
monitoring round – this will have impacted the results for 5/1/18.
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Table A1

Surface Water Monitoring Locations
Name

Monitoring Point

National Grid Reference

Ground
Elevation
(mAOD)

Sugar Hill Drain
Downstream

S1

SE 76995 78777

23

Costa Beck

S2

SE 78730 79637

22

Ackland Beck

S3

SE 75701 77456

22

Sugar Hill Drain
Upstream

S4

SE 77106 79054

29

Description
Stream, part of a large field drainage system.
Located on low permeability Glacial Till, Lacustrine
deposits and the Kimmeridge Clay (Ancholme
Group). Drains towards Ackland Beck and Costa
Beck. Monitoring point located to the south of the
KMA Wellsite.
Medium sized river flowing in a south-easterly
direction.
Small sized river flowing in a south-easterly
direction.
Stream, part of a large field drainage system.
Located on low permeability Glacial Till, Lacustrine
deposits and the Kimmeridge Clay (Ancholme
Group). Drains towards Ackland Beck and Costa
Beck. Monitoring point located to the north of the
KMA Wellsite.

Table A2
Name

Notes:

Offsite Groundwater Monitoring Locations
Monitoring
Point

National Grid
Reference

Ground
Elevation
(mAOD)

G1

22

G2

22

G3

25

G4

25

G5

22

G6

23

Target Formation1
Kimmeridge Clay (unweathered)
Superficial Deposits/
Kimmeridge Clay (weathered)
Kimmeridge Clay (weathered/
un-weathered)/ Corallian
Group
Kimmeridge Clay (weathered/
un-weathered)/ Corallian
Group
Superficial Deposits/
Kimmeridge Clay (weathered)
Superficial Deposits/
Kimmeridge Clay (weathered)

Construction Details
Borehole Depth
(mbgl)1

Screened Interval (mbgl)

36.6

18 – 36

24.4

Unknown

~503

Unknown3

~503

Unknown3

4.65

Unknown

21.34

Unknown

1. Based on Envireau Water’s interpretation of available borehole construction, geological and other data.
2. The sample point at
is 500m north of the borehole.
3. No construction data available. Anecdotal information suggests the boreholes are in the region of 50m deep and target the Kimmeridge Clay (Ancholme Group).
4. Borehole is no longer observable. Information from landowner suggests it is located beneath the pond at
and is uncapped (feeds the pond).
mbgl: metres below ground level
mAOD: metres above Ordnance Datum

Table A3

Onsite Groundwater Monitoring Locations
Monitoring
Point

National Grid
Reference

Ground
Elevation
(mAOD)

Borehole A

BHA

SE 77153 79025

32

Borehole B

BHB

SE 77099 78989

32

Borehole C

BHC

SE 77162 78964

32

Borehole D

BHD

SE 77132 78963

29

Borehole E

BHE

SE 77110 78969

29

Name

Notes:

Construction Details
Borehole Depth
(mbgl)

Screened Interval (mbgl)

11.5

8.0 to 11.0

11.5

8.0 to 11.0

11.5

8.0 to 11.0

Kimmeridge Clay (unweathered)

38.0

25.0 to 37.0

Corallian Group

222.0

Open hole from 192.6 to
222.0

Target Formation1
Superficial Deposits/
Kimmeridge Clay
(weathered)
Superficial Deposits/
Kimmeridge Clay
(weathered)
Superficial Deposits/
Kimmeridge Clay
(weathered)

1. Based on Envireau Water’s interpretation of available borehole construction, geological and other data.
mbgl: metres below ground level
mAOD: metres above Ordnance Datum
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No Parameter

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

45
46
47
48

General Inventory:
Methane
Acrylamide
Alkalinity as CaCO3
Ammoniacal Nitrogen as N
Arsenic
Aluminium
Antimony
Barium
Beryllium
BOD (settled)
Boron
Bromide
δ13C-CH4
δ13C-CO2
Cadmium
Calcium
Carbon Dioxide
Chloride
Chromium (total)
Cobalt
COD (Settled)
Copper
Dissolved Butane
Dissolved Propane
Dissolved Ethane
Dissolved Methane
Fluoride
Iron (total)
Lead
Lithium
Magnesium
Mercury
Nickel
Nitrate as NO3
Nitrite as NO2
Oxygen Reduction Potential
pH
Potassium
Salinity
Selenium
Silver
Sodium
Strontium
TPH (including Benzene, DRO (nC10 ro nC24), GRO (nC5 ro
nC10), m/p Xylenes, o Xylene, MTBE, Toluene, Xylene,
Ethylbenzene)
Total Dissolved Solids
Total Suspended Solids
Vanadium
Zinc

No Parameter
Fracture fluid additives:
49 Acetic acid;
50 Sodium persulphate;
Other chemical inventory:
51 Formaldehylde;
52 Ethylene glycol;

53
54
55
56

Indicators of Fracture Fluid additives:
Sulphate
Bicarbonate alkalinity
Anionic surfactants
Nonionic surfactants

Indicators of other chemical inventory:
57 Phosphate
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Exova Jones Environmental
JE Job No:

Method Code Appendix

18/3821

Test Method No.

Prep Method
No. (if
appropriate)

Description

Description

ISO
MCERTS
17025
(UK soils
(UKAS/S
only)
ANAS)

TM0

Not available

PM0

No preparation is required.

TM5

Modified USEPA 8015B method for the determination of solvent Extractable Petroleum
Hydrocarbons (EPH) with carbon banding within the range C8-C40 GC-FID.

PM30

Water samples are extracted with solvent using a magnetic stirrer to create a vortex.

Yes

TM20

Modified BS 1377-3: 1990/USEPA 160.3 Gravimetric determination of Total Dissolved
Solids/Total Solids

PM0

No preparation is required.

Yes

TM25

Determintaion of Dissolved Methane, Ethane and Ethene by Headspace GC-FID

PM0

No preparation is required.

Yes

TM30

Determination of Trace Metal elements by ICP-OES (Inductively Coupled Plasma Optical Emission Spectrometry). Modified US EPA Method 200.7, 6010B and BS EN ISO
11885 2009

PM14

Analysis of waters and leachates for metals by ICP OES/ICP MS. Samples are filtered for
dissolved metals and acidified if required.

TM30

Determination of Trace Metal elements by ICP-OES (Inductively Coupled Plasma Optical Emission Spectrometry). Modified US EPA Method 200.7, 6010B and BS EN ISO
11885 2009

PM14

Analysis of waters and leachates for metals by ICP OES/ICP MS. Samples are filtered for
dissolved metals and acidified if required.

Yes

TM31

Modified USEPA 8015B. Determination of Methyltertbutylether, Benzene, Toluene,
Ethylbenzene and Xylene by headspace GC-FID.

PM12

Modified US EPA method 5021. Preparation of solid and liquid samples for GC
headspace analysis.

Yes

TM33

Determination of Anionic surfactants by reaction with Methylene Blue to form complexes
which are analysed spectrophotometrically. (MBAS)

PM0

No preparation is required.

TM36

Modified US EPA method 8015B. Determination of Gasoline Range Organics (GRO) in
the carbon chain range of C4-12 by headspace GC-FID.

PM12

Modified US EPA method 5021. Preparation of solid and liquid samples for GC
headspace analysis.

TM37

Modified USEPA 160.2 .Gravimetric determination of Total Suspended Solids. Sample is
filtered and the resulting residue is dried and weighed.

PM0

No preparation is required.
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Description

Description

ISO
MCERTS
17025
(UK soils
(UKAS/S
only)
ANAS)

TM38

Soluble Ion analysis using the Thermo Aquakem Photometric Automatic Analyser.
Modified US EPA methods 325.2, 375.4, 365.2, 353.1, 354.1

PM0

No preparation is required.

Yes

TM73

Modified US EPA methods 150.1 and 9045D and BS1377:1990. Determination of pH by
Metrohm automated probe analyser.

PM0

No preparation is required.

Yes

TM75

Modified US EPA method 310.1. Determination of Alkalinity by Metrohm automated
titration analyser.

PM0

No preparation is required.

TM75

Modified US EPA method 310.1. Determination of Alkalinity by Metrohm automated
titration analyser.

PM0

No preparation is required.

Yes

TM76

Modified US EPA method 120.1. Determination of Specific Conductance by Metrohm
automated probe analyser.

PM0

No preparation is required.

Yes

TM100

Ferrous ammonium sulphate is oxidised by any persulphate present in the samples, any
residual ferrous iron is then titrated with potassium permanganate.

PM0

No preparation is required.

TM127

Determination of specific Volatile Fatty Acids with Liquid Chromatography and Mass
Spectroscopy detection.

PM0

No preparation is required.

TM170

Determination of Trace Metal elements by ICP-MS (Inductively Coupled Plasma - Mass
Spectrometry) modified USEPA 200.8/6020A and BS EN ISO 17294-2 2016

PM14

Analysis of waters and leachates for metals by ICP OES/ICP MS. Samples are filtered for
dissolved metals and acidified if required.
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Appendix D

Table D1

Weather Observations

Round

Date

Weather observations

Round 23

24/04/2017
25/04/2017
17/05/2017
18/05/2017
14/06/2017
15/06/2017
06/09/2017
18/10/2017
25/10/2017
31/10/2017
06/11/2017
07/11/2017
15/11/2017
22/11/2017
29/11/2017
05/12/2017
06/12/2017
14/12/2017
04/01/2018
05/01/2018
13/02/2018
14/02/2018
14/03/2018

Overcast but dry with sunny spells
Overcast with sunny spells and short intense rainfall periods
Consistent light rain all day
Sunny and dry
Sunny and dry, ~22°C
Cloudy and dry, ~16°C
Sunny and dry in the morning with light rain in the afternoon
Sunny in the morning and cloudy in the afternoon, dry all day
Sunny in the morning and cloudy in the afternoon, dry all day
Rainfall in the morning with cold breeze, still cool but lighter rainfall in the afternoon
Dry and cold, ~8°C
Overcast and cold in the morning, rain between 1300 - 1700 hours
Dry and sunny, ~8°C
Windy and raining all day, ~8°C
Heavy rainfall and hail, overcast all day, ~3°C
Dry, cool breeze, ~6°C
Dry, cool breeze, ~6°C
Cold, -1 to 3. Dry in the morning with rainfall in the afternoon
Rainfall all day, ~8°C
Dry all day, cold ~3°C

Round 24
Round 25
Round 26
Round 27
Round 28
Round 29
Round 30
Round 31
Round 32
Round 33
Round 34
Round 35
Round 36
Round 37
Round 38

Rainfall all day, ~5°C
Dry in the morning and light rain in the afternoon (ca. 14:00hrs) - cold ~3°C with wind gusts
Dry all day with sunny intervals, temperature ranged from 8 – 13°C with wind gusts

Water Level in KMA Monitoring Boreholes vs Daily Rainfall
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