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Foreword

This report was prepared for an Oil and Gas Authority (OGA) workshop on the Newdigate
earthquake sequence and the possible relation to hydrocarbon exploration and production in the
region. The conclusions are based on the available data and information available at the time and
these may change should new information become available in future.
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Summary

A sequence of small earthquakes was recorded near Newdigate, Surrey, between 1 April and 31
August 2018. The largest had a magnitude 3.0 ML and four others had magnitudes of greater than
2.0 ML. Seven of the earthquakes were felt by people living nearby and there was public concern
that the earthquake sequence may have been triggered by nearby hydrocarbon exploration and
production. Five temporary sensors were installed by BGS in mid-July close to the epicentral area.
Our analysis shows that earthquake epicentres are tightly clustered in a 3 km by 3 km source zone
that lies between the villages of Newdigate and Charlwood, and at a distance of approximately 8
km from the Brockham oil field. Depths calculated using only recordings at distances of up to 10
km suggest that the events are most likely to have occurred at depths of approximately 2 km. We
use the criteria suggested by Davis and Frohlich (1993) to assess the available evidence that the
earthquake sequence may have been induced. This suggests that the events are unlikely to have
been induced.



1 Introduction

A sequence of small earthquakes began on 1 April 2018, near Newdigate, Surrey (Figure 1). A
total of 16 earthquakes were detected in the time period from 1 April to 31 August. The largest
had a magnitude 3.0 ML and four others had magnitudes of greater than 2.0 ML. The first event
on 1 April had a magnitude of 2.6 ML and was followed by events with magnitude of 1.8 and 1.7
ML within the next hour. Three other events, all with magnitudes of less than 2.0 ML were detected
in April. The largest event in the sequence occurred on 5 July. It was preceded by two events with
magnitudes of 2.6 and 2.4 ML on 27 and 29 June, then followed by seven aftershocks, the largest
of which had a magnitude of 2.4 ML. The deployment of a number of additional temporary
monitoring stations in mid-July, improved detection capability for smaller events. The two largest
events have some characteristics of typical mainshock/aftershock sequences, with both the event
rate and magnitude decaying with time following these events.
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Figure 1. Earthquake magnitudes as a function of time showing the evolution of the
sequence.

People living nearby felt seven of the earthquakes. These included all five earthquakes with
magnitudes of greater than 2.0 ML as well as two smaller ones with magnitudes of 1.8 and 1.9
ML. BGS received over 750 reports from people who said they had felt the magnitude 3.0 ML
earthquake on 5 July. Most of these were from Newdigate, Crawley, Horley and Dorking. Data
from macroseismic questionnaires were used to calculate the intensity of shaking. The results
suggest a maximum intensity of shaking of 5 EMS, corresponding to strong shaking, at distance
of up to approximately 7 km. However, the earthquake does not appear to have been felt beyond
a distance of approximately 15 km.

2 Regional Seismicity

Recorded seismicity in the region is shown in Figure 2. The southeast of England is an area of low
seismicity, but there have been a few other examples of earthquakes in and around the Weald. For
example, in 2005 there were three small earthquakes near Billlinghurst, about 20 km to the west
of the Newdigate sequence. The largest of these had a magnitude of 2.1 ML. All three probably
occurred at a shallow depth. There are also examples of other larger events in the area surrounding
the Weald. For example, a magnitude 4.3 ML earthquake in Folkestone in 2009 (Ottemoller et al,
2009).



There is also evidence for historical earthquakes in the region in the last 500 years, specifically on
5 May 1551 (Musson, 2008). The limited macroseismic data for this event means that we cannot
determine a location. However, the event was strongly felt in Dorking, suggesting that the
epicentre may have been close to here. Further afield, there were six earthquakes near Chichester
between 1811 and 1834, with magnitudes ranging from 2.9 to 3.4 ML (Musson, 1994).
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Figure 2. Instrumentally recorded seismicity from 1970 to present (red circles) and
historical seismicity prior to 1970 (yellow circles). Symbols are scaled by magnitude.

There have also been reports of earthquakes in 1860, 1863 and 1926. The 1863 event was actually
near Hereford, but it had a magnitude of 5.4, so it was felt over most of England and Wales
(Musson, 1994). Similarly, the event in 1926 was a magnitude 4.6 event near Ludlow on the Welsh
border. The 1860 event was initially believed to be an earthquake but the damage was caused by
the collapse of a sand cave near Reigate (London Evening Standard, 11 May 1860).

More generally, sequences of earthquakes clustered in time and space without a clear distinction
of main shock and aftershocks are relatively common in the UK. Examples include Comrie (1788-
1801, 1839-46), Glenalmond (1970-72), Kintail (1974), Doune (1997), Blackford (1997-98, 2000-
01), and Constantine (1981, 1986, 1992-4). Some of these have occurred in sedimentary basins,
e.g. Johnstonebridge (mid 1980s), Dumfries (1991, 1999) and Manchester (2002).

3 Earthquake Locations

We initially located the earthquakes using data recorded on the BGS network of permanent
sensors, however the closest sensor to the epicentre was over 50 km away, which leads to relatively
large uncertainties in both epicentre and depth. We were able to supplement our data with
recordings from a number of nearby seismometers operated by citizen scientists and enthusiasts.
The closest of these was located less than 10 km away. Two temporary stations were installed by
BGS in mid-July close to the epicentres and a further three at the end of July. Only one event, the
last of the sequence to date on 18 August, was located with all five local stations.

We used the HYPOCENTER location algorithm (Lienert et al., 1986) to determine the earthquake
hypocentre. A 1-D crustal velocity model for depths to 3 km was obtained from well logs provided
by UK Oil and Gas PLC and Horse Hill Developments Ltd. This was combined with a standard
UK model for the mid and lower Crust. Two different vp/vs ratios were used to determine S-wave
velocity: firstly a vp/vs of 1.73 throughout; secondly a vp/vs that varied with depth determined using
estimates of Poisson’s ratio provided with the well logs. The latter has higher vs at shallow depths.
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The models are listed in Table 1 and Table 2. A distance weighting scheme, in which weights were
linearly decreased from 1 to 0 between distances of 50 to 250 km, was used to reduce the effect of
lateral heterogeneity in the velocity model for distant stations.

Earthquake locations using velocity model 1 are shown in Figure 3. The earthquake epicentres are
tightly clustered in a 3 km by 3 km source zone that lies between the villages of Newdigate and
Charlwood. The first event of the sequence on 1 April lies furthest to the West, but otherwise,
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Figure 3. Circles show the epicentres of located earthquakes. The circles are coloured
by date and scaled by magnitude. Blue triangles show the five temporary stations
deployed by BGS during July. Blue squares show the positions of hydrocarbon wells
listed by OGA. The green shaded area shows the approximate extent of the Brockham
oil field.

there is no clear alignment of hypocentres. The largest event lies approximately in the centre of
the cluster. The clustering of the hypocentres is supported by the similarity of the recorded
waveforms at station REC60 (Figure 4), which lies approximately 10 km to the north.

Best-fitting hypocentres using velocity model 1are listed in Table 3, which also lists the azimuthal
gap, the root-mean-square (RMS) travel time residual and the horizontal and vertical errors in the
hypocentre. The azimuthal gap is the largest azimuthal gap between azimuthally adjacent stations
and large values lead to higher than desirable location errors. The RMS residual, measured in
seconds, provides a measure of the fit of the observed arrival times to the predicted arrival times
for the given location and chosen velocity model. The horizontal and depth errors are determined
from projections of the 95% confidence ellipsoid, assuming that the measurement errors are
normally distributed. The size of the confidence regions depends on the variance and is computed
using the x2 statistic (Evernden, 1969). The orientation of the error ellipsoid depends on both the
number and geometry of the recording stations.
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Figure 5 shows the horizontal and vertical errors in the hypocentres using the two different velocity
models given in Tables 1 and 2. The velocity model does not significantly change the epicentres
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Figure 5. Projections of 95% confidence ellipsoid for the calculated hypocentre in: the
horizontal (XY) plane (a and d); the XZ plane (b and e); and, the YZ plane (c and f). The
horizontal plane shows an area of 10 km by 10 km. Locations in (a), (b) and (c) were
calculated using velocity model 1 with the fixed vp/vs ratio. Locations in (d), (e) and (f) were
calculated using velocity model 2 with variable vp/vs ratios. The blue squares show the
locations of the Brockham X2 and the HH-1 wells.
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or the size of the errors. Using a variable vp/vs ratio results in slightly greater hypocentral depths
for some events, but also increases the RMS residual for all events (Appendix 1).

Regardless of velocity model, the calculated hypocentres for all events except the last in the
sequence generally have depths of less than 1 km. However, the uncertainties in these depths is
relatively large, greater than 1 km in most cases, even using the two local stations installed in early
July. The event on 18 August has a depth of 2.1+0.2 km and was located using all five local
stations. As a result, it has the best constrained depth of all events in the sequence and this depth
may provide a better indicator of the depth of the other events.

4 Resolving Earthquake Depths

We attempt to better resolve earthquake depth by only considering arrival times from stations at
distances of less than 10 km. This means limiting this analysis to the four earthquakes that occurred
on 18 July and were recorded on three local stations and the event on 18 August that was recorded
on five local stations.

We relocated these events using NonLinLoc, a probabilistic, non-linear, global-search earthquake
location algorithm (Lomax et al., 2009). Such nonlinear methods solve the earthquake location
problem by sampling the full solution space. They have the advantage of obtaining a more
complete solution with uncertainties as compared to linearized methods and do not rely on the
quality of an initial estimate of the hypocentre.

Figure 6 shows probability distribution functions (PDFs) of the location of the earthquake on 18
August shown as coloured confidence levels. Results for the two different velocity models are
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Figure 6. PDFs for the location of the earthquake on 18 August shown as coloured
confidence levels. The maximum likelihood location is shown as a star. The
Gaussian/Normal expectation is shown as an ellipsoid. The left hand column shows the
confidence regions for velocity model 1. The right hand column shows the confidence
regions for velocity model 2. The top and bottom rows show the horizontal and vertical
planes respectively. Red triangles show the positions of the stations.



shown in the left and right hand columns. Again, this demonstrates the relatively high uncertainty
in the estimated depth. The maximum likelihood depths for each model are 1.9 km and 1.8 km.

Similarly, Figure 7 shows PDFs of the locations for the four earthquakes on 18 July using velocity
model 1. Fewer local stations were available to locate these events, which results is larger
confidence regions. However, the maximum likelihood depth estimates now lie between 1.5 and
2.0 km for all four events.
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Figure 7. PDFs of the locations of the earthquakes on 18 July at (a) 03:59:56, (b) 04:00:09,
(c) 13:33:18 and (d) 13:33:38 using velocity model 1. The maximum likelihood location is
shown as a star. The Gaussian/Normal expectation is shown as an ellipsoid.



5 Focal Mechanism

A focal mechanism for the earthquake was determined from measured first motion polarities on
the vertical component of ground velocity seismograms and SH/P amplitude ratios using HASH
(Hardebeck and Shearer, 2003). HASH uses both polarities and SH/P amplitude ratios. Velocity
model 1 and the best fitting hypocentre were used to determine take-off angles. We measured 4
first motion polarities and 4 SH/P amplitude ratios. We also used a grid spacing of 2° for HASH
along with a maximum average error in the amplitude ratio of 0.1. The source mechanisms is
shown in Figure 8. This shows a near vertical, strike slip fault, with either right-lateral slip on a
fault that strikes approximately ENE or left-lateral slip on a fault that strikes approximately NNW.

Figure 8. Lower hemisphere, equal projection of the focal mechanism for the earthquake
on 18 August 2018. The mechanism shows strike slip faulting on a near vertical fault plane
that strikes either NNW or ENE. The white circles and triangles show measured
compressional and dilatational first motions, respectively. Crosses show stations where
SH/P amplitude ratios were measured. The black and white squares show the orientations
of the axes of maximum (P) and minimum (T) compression, respectively.

6 Discussion

Following the earthquakes, there was a great deal of public concern that the Newdigate earthquake
sequence may have been triggered by nearby hydrocarbon exploration and production. Davis and
Frohlich (1993) used a number of criteria to assess whether fluid injection may have induced an
earthquake. Strictly speaking, these are only applicable for seismicity induced by fluid injection.
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However, they can also be used to assess the evidence that the Newdigate earthquake sequence
may have been triggered by fluid injection or extraction.

1. Are these events the first known earthquakes of this character in the region?

Although the southeast of England is an area of low seismicity, there have been a few other
examples of earthquakes in and around the Weald. For example, in 2005 there were three small
earthquakes near Billlinghurst, about 20 km to the west of the Newdigate sequence. Similarly,
there is also evidence of historical seismicity. This means that natural earthquakes can occur in the
region, albeit rarely.

Is there a clear correlation between injection and seismicity?

Oil production at the nearby Brockham field operated by Angus Energy resumed on 23 March
2018 after a two year hiatus. So there is a temporal correlation between the restart of production
and the first seismicity on 1 April. However, production has been going on for several decades
without any recorded seismicity.

Information provided to OGA by the UK Oil and Gas PLC and the Horse Hill operator, Horse Hill
Developments Ltd, states that pumping to increase wellbore pressure to try to get the well to flow
was carried out in HH-1 on 9 July 2018. The earthquake sequence was already underway at this
time. UK Oil and Gas PLC states that no fluids have been injected into the HH-1 well in 2018.
This appears to rule out operations at HH-1 as a possible causative factor for the earthquake
sequence.

Are epicentres near wells (within 5 km)?

All detected earthquakes are further than 5 km from Brockham. Specifically, the largest of the
earthquakes, the magnitude 3.0 ML event on 5 July, was 8 km from Brockham. Rubinstein and
Mahani (2015) state that seismicity can be induced at distances of 10 km or more away from the
injection point and at significantly greater depths than injection. More recent reports have argued
that seismicity may be induced at 20 km or more from the injection point (Keranen et al., 2014).
However, these examples all involved very large volumes of injected fluids.

Do some earthquakes occur at or near injection depths?

Production at Brockham is from the Portland sandstone at a depth of approximately 600 m. The
first HH-1 test zone was also in the Portland sandstone interval at around 600 m.

Hypocentral depth estimates are generally shallow, though with relatively large uncertainties. The
best constrained event has a depth of 2.1 km and this may be indicative of depths for the rest of
the sequence. This is supported by the fact that using only local stations to locate the events on 18
July gives depths of around 2 km.

Are there known geologic structures that may channel flow to sites of earthquakes?

A number of east-west striking faults that have been mapped between Brockham and the locus of
the earthquakes. These may act as a permeability barrier preventing a direct hydrological
connection and limiting pore pressure increases on the faults to the south. However, increases or
decreases in mass or volume can still cause stress changes at distance that are transmitted
poroelastically (e.g. Segall and Lu, 2015).

Are changes in fluid pressures at well bottoms sufficient to encourage seismicity?

Figures that were provided to OGA give the total volume of fluid extracted at the Brockham field
as 27 m3 in March, 90 m® in April, 54 m? in May, 26 m® in June and 93 m3in July. This is about
5.5 m®/day on average. Produced water was reinjected into the reservoir (the Portland sandstone)
at a depth of 600 m. Re-injected volumes were 25 m®, 73 m?, 39 m?, 21 m® and 80 m® in March,
April, May, June and July approximately 4.5 m3/day on average, giving a net extraction rate of
approximately 1 m®/day. When the first earthquake occurred on 1 April 27 m® had been extracted,
with 25 m? re-injected.
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Seismicity at a number of oil reservoirs has been correlated in space and time with oil production
(Segall, 1989), however, these have involved high rates of production and observed surface
displacements. It is difficult to see how such small volume changes could cause a significant stress
perturbation at a distance of 8 km. In theory, compaction of the reservoir should lead to reverse
faulting both above and below the reservoir and normal faulting on the flanks as a result of changes
in horizontal strain (Figure 9). The calculated strike-slip focal mechanism is not consistent with
this.

For comparison injection rates at other sites of induced seismicity have ranged from approximately
100 m®/day (e.g. Kim, 2013) to 1000 m3/day (Ake et al, 2005). At Preese Hall, around 1,000-2,000
m? of fluid was injected in each fracture stage during operations that led to induced seismicity in
2011 (Clarke et al, 2014).

Furthermore Rubinstein and Mahani (2015) state that the injection of produced water into a
depleted reservoir from which oil has been extracted is unlikely to increase the pressure in the
reservoir to above preproduction levels. This is the case at Brockham, which further reduces the
likelihood that the operation induced the earthquakes.

— UX
0.0002 4 uy
— eyy

e

Figure 9. Calculated surface displacements (m), ux, uy and horizontal strain &y as a
function of distance (km) over a 50 m thick reservoir at a depth of 600 m with a horizontal
extent of 600 m, with fluid extracted at 2 m¥day. Horizontal strains are negative over the
reservoir, favouring reverse faulting, and positive on the flanks favouring normal faulting.

The case that the events were induced is primarily supported by the temporal correlation between
the restarting of production at Brockham and the start of the earthquake sequence on 1 April.
However, the very limited period and volume of production seems unlikely to cause a significant
stress perturbation at a distance of 8 km. Oil production has been ongoing for many years in the
region, without any previous seismicity. Finally, although this is a low seismicity region, even by
UK standards, earthquakes are not unprecedented here. Overall, we suggest that the events are
unlikely to have been induced.
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Tables

Depth Vp Vs Vp/Vs
0 2.2 0.92 1.73
0.2 2.4 1.03 1.73
0.4 2.6 1.15 1.73
0.7 2.7 1.23 1.73
1.2 3.1 1.63 1.73
1.5 3.6 2 1.73
1.8 4.7 2.61 1.73
2.1 5 2.78 1.73
2.4 55 3.33 1.73
7.6 6.4 3.7 1.73
18.9 7 4.05 1.73
34.2 8 4.52 1.73

Table 1. Velocity model 1 constructed from the HH-1 well log provided by UKOG Ltd. vs
was calculated using a fixed vp/vs ratio of 1.73 throughout.

Depth Vp Vs Vp/Vs
0 2.2 0.92 2.4
0.2 2.4 1.03 2.33
0.4 2.6 1.15 2.26
0.7 2.7 1.23 2.2
1.2 3.1 1.63 1.9
1.5 3.6 2 1.8
1.8 4.7 2.61 1.8
2.1 5 2.78 1.8
2.4 55 3.33 1.65
7.6 6.4 3.7 1.73
18.9 7 4.05 1.73
34.2 8 4.52 1.77

Table 2. Velocity model 2 constructed from the HH-1 well log provided by UKOG Ltd. vs
was calculated using estimates of Poisson’s ratio provided with the well logs. This results in
a Vplvs ratio that varies with depth.

Date Time Latitude | Longitude | Depth | ML | NSTA | Gap | ERY | ERX | ERZ
01/04/2018 | 11:10:59 | 51.155 | -0.269 0 2.6 |18 158 35 |31 |19
01/04/2018 | 11:14:00 | 51.155 | -0.26 1.8 |10 158 47 |46 |27
01/04/2018 | 12:11:11 | 51.163 | -0.239 17 |8 155 49 |5 3.1
08/04/2018 | 21:39:56 | 50.69 -0.145 17 |7 246 934 |91 |224

28/04/2018 | 20:38:35 | 51.161 -0.241 15 |10 156 78 |76 |34

27/06/2018 | 12:28:23 | 51.176 -0.24 26 |14 153 82 |63 |46

O OoO|k, |k, OO

29/06/2018 | 05:54:11 | 51.167 -0.252 A1 24 |13 155 48 |45 |29
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05/07/2018 | 10:53:23 | 51.161 -0.249 0.2 3 23 156 57 |5 3.3
10/07/2018 | 16:03:10 | 51.172 -0.234 0 19 |9 153 5 56 |35
18/07/2018 | 03:59:55 | 51.173 -0.261 0.2 19 |11 93 1.2 |13 |19
18/07/2018 | 04:00:09 | 51.173 -0.261 0.2 02 |2 187 22 128 |19
18/07/2018 | 13:33:18 | 51.158 -0.243 0 24 |15 107 22 |25 |16
18/07/2018 | 13:33:38 | 51.158 -0.243 0 09 |3 183 28 |34 |16
18/08/2018 | 03:21:58 | 51.158 -0.253 2.1 -02 |5 121 01 |03 ]0.2

Table 3. Earthquake hypocentre parameters determined using the HYPOCENTER
location algorithm and velocity model 1. NSTA is the number of stations used to determine

the location. Gap is the azimuthal gap, the largest azimuthal gap between azimuthally

adjacent stations. RMS is the root-mean-square travel time residual. ERX, ERY and ERZ

are the errors in longitude, latitude and depth (km).

Appendix 1

Figure 10 and Figure 11 show travel-time residuals calculated with both HYPOCENTER and
NonLinLoc for the earthquake on 18 August 2018 using the two different velocity models. It is
clear that velocity model 2 with the variable vp/vs ratio results in considerably higher residuals. In
addition, the P-wave arrival time residuals are all positive, while the S-wave residuals are negative,
further suggesting that the vy/vs ratios used do not provide a good match for the observations. This
is why the results presented here correspond to the first velocity model.
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Figure 10. Travel-time residuals calculated with both HYPOCENTER and NLLoc for the

event on 18 August 2018 using the HH-1 velocity model and a fixed vp/vs ratio (Model 1).
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Figure 11. Travel-time residuals calculated with both HYPOCENTER and NLLoc for the
event on 18 August 2018 using the HH-1 velocity model and a fixed vp/vs ratio (Model 2).
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