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ABSTRACT

The seismic hazard level at a site or a region can be estimated following a deterministic or probabilistic approach. The latter is
the most widely used in several applications both in academia and industry. However, this methodology is based on the fact
that all the events are independent of each other, and it is well known that the earthquake activity varies with time, especially
in induced seismicity applications where the spatial and temporal distribution of events depends on the characteristics of the
operation as well as the site where it takes place. This study addresses the problem of time-dependency focusing on a case
study of induced seismicity in the United Kingdom where hydraulic fracturing operations were carried out to extract gas at the
Preston New Road (PNR) site. The analysis was conducted per operational unit time (sleeve) obtaining exceedance rates which
were computed using a ground motion prediction model for the site. The results suggest that the sleeve exceedance rates are
related to the maximum magnitude, the number of events and the cumulative volume injected in each stage.

Introduction
In the United Kingdom, induced seismicity is a subject that has been studied several years ago but only a few
projects of this type were carried out in the last decade. One specific type of these projects is hydraulic fracture
(HF) stimulation, which is widely used in the commercial production of hydrocarbons and in developing
engineered geothermal systems worldwide (1,2). The HF is a technique to extract petroleum resources from
impermeable host rocks through a high-pressure fluid injection causing fractures that result in induced
earthquakes (3). In the UK, only three wells have been hydraulic fractured (HF) within the Carboniferous
Bowland Shale formation, a reservoir with properties comparable to the major producing shale reservoir in
North America (4-6). All of these three operational sites ended up in events felted by the population and
created a controversy about this kind of activity in the country. The first well drilled was the Preese Hall well,
stimulated in 2011 and generated a local magnitude of M 2.3, which caused an intervention by the government
leaving, as a result, the implementation of a traffic light system (TLS) to mitigate the risk and extended to
other sites (Oil and Gas Authority (OGA), 2018). The effectiveness of this method is a subject that is still in
the debate between the private and the academia (8-10). The idea behind the TLS is to minimize the number
of events felt by the public and to avoid structural and/or non-structural damages. In 2018 two horizontal wells
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at the Preston New Road site, approximately 4 km to the south of the Press Hall site, aimed to extract shale
gas by HF and started operations with the eyes of the general public on it due to previous experience but it
ended up in an event of M. 1.5 and the operations stopped. Later on, after a period of calm in 2019, the
operations started again reaching an event of M 2.9 leaving as a result of the indefinite interruption of the
project until today. With all of this in mind, this document aims to study the seismicity variations in time for
the HF at the Preston New Road site and introduce them into the estimation of the seismic hazard at the site.

Data

The dataset used in this study corresponds to the shale gas extraction site in Preston New Road (PNR), North
West England, where hydraulic fracturing (HF) operations were carried out in two different periods, between
15 October to 17 December 2018 (hereinafter PNR-1z), and later on between 15 August to 02 October of 2019
(hereinafter PNR-2) (11,12). To monitor the operation an array of sensors, including broadband seismometers
and geophones were installed at the surface and downhole of the site, for the company in charge of the
operation, Cuadrilla Resources Ltd (CRL), in collaboration with the British Geological Survey (BGS) and the
University of Liverpool (8). During the first period of operation (PNR-1z), the events recorded were between
-0.8 < ML < 1.5 and between -1.7 < M < 2.9 for the second period (PNR-2), crossing several times all the
flags of the TLS system imposed in the UK and having, as a result, the temporary and permanent suspension
of the operation at the site. Both wells (PNR-1z and PNR-2) ran through the natural gas-bearing Carboniferous
formation of the Lower Bowland shale at a depth of approximately 2.3 km (5). In the case of the PNR-1z well,
a sliding-sleeve completion method was used, with 41 individual sleeves numbered ascending from toe to the
heel of the well, and a hydraulic fracture plan up to 765 m3 of fluid per sleeve was set (13). However, a total
number of 16 sleeves were hydraulically fractured with a total of about 4,600 m3 of fluid injected and an
average volume for each fracture of 234 m3 with a maximum of 431 m3 (14). On the other hand, the PNR-2
well followed the same sleeve method performed up to 7 possible hydraulic fracture stages. Fig 1 presents the
spatial and temporal distribution of both datasets, PNR-1z, and PNR-2, with a scheme color according to each
sleeve for both cases.
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Figure 1. Temporal distribution of the datasets PNR-1z and PNR-2. Dotted line: cumulative volume
injected (m?). Top: PNR-1z. Bottom: PNR-2.

Seismic Hazard Calculation
To estimate the seismic hazard level for the induced earthquakes at the site, we studied both datasets (PNR-1z
and PNR-2) independently using the unit-time per sleeve according to the injection plan; it is important to
mention that each sleeve represents the different steps in the operation of the HF process at the site. The seismic
parameters (a and b values) were obtained following the Gutenberg-Richter (GR) distribution (15).
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where N is the number of earthquakes with a magnitude greater than magnitude, m. The a-value indicates the
number of earthquakes per unit time duration, while the b-value represents the ratio of small and large
magnitude events. The maximum magnitude (Mmax) used for all the sleeves was set to 4.5, which is the
minimum tectonic magnitude presented in the seismic hazard model for the area. Fig. 2 shows the magnitude-
frequency distribution (MFD) per sleeve with the respective information of seismic parameters, days, and the
number of events registered. For illustration purposes, only 9 sleeves are presented for the PNR-1z dataset,
which corresponds with the major number of events.
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Figure 2. Magnitude-Frequency distributions (MFD) per sleeve. Left: PNR-1z dataset, sleeves 22, 30-32, 37-
41. Right: PNR-2 dataset, sleeves 1-7 and Post 7. Blue squares: Cumulative. Red squares: Incremental.

Once the seismic parameters per sleeve are obtained we perform the probabilistic seismic hazard assessment
(16,17) at the site as follows, 1) selecting the ground-motion model (GMM) proposed by (18), which was
estimated for the same site based on the GMMs by (19,20); 2) modeling the seismic source as a point source
for each sleeve with the fault parameters (strike, dip, and rake) estimated for the site proposed by (21,22); 3)
computing the seismic hazard curves at the site using the OpenQuake Engine (23,24).

Results
The seismic hazard curves using the GMM by (18) are presented in Fig 3, following the same scheme color in
Fig. 1 for both datasets, PNR-1z, and PNR-2. We decided to perform the analysis of the exceedance rates per
each sleeve (hereinafter sleeve exceedance rates), taking into account that we have all the seismicity per that
operational unit time. The sleeve exceedance rates were computed from two perspectives, 1) independent
sleeve, which means that each curve represents the exceedance rates during the sleeve time, which is not always
the same, and 2) consecutive sleeve, in which each curve represents the exceedance rates from all the previous



sleeves, by adding the previous sleeves but considering the all the duration. The results show a dependency
between the sleeve exceedance rates and the magnitude per each sleeve, the greater the magnitude in the sleeve,
the higher the exceedance rates. Observing the results by independent sleeve the last state for both datasets
(Hiatus and 8 = Post 7) has the lowest rates and the highest ones usually are the sleeves with higher magnitudes.
In terms of consecutive sleeves, the highest exceedance rates for dataset PNR-1z are for sleeves 38 and 39, but
sleeves 18, 22, 30-32, 37, and 40 have high exceedance rates, while for the dataset PNR-2 the higher rates are
in the sleeves 4-7. Finally, there is a strong impact of the cumulative injected volume (see dotted lines in Fig.
1) in the exceedance rates. In most cases, the sleeve with higher rates occurs when the volume injected
increases.
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Figure 3. Seismic hazard curves for PGA using the GMM by (18). Color scheme same as Fig. 1. Top:
Independent sleeve exceedance rates. Bottom: Consecutive sleeve exceedance rates (adding the previous
sleeves). Left: PNR-1z dataset. Right: PNR-2 dataset.

Conclusions

In this study, we compute the exceedance rates for an induced seismicity case in the United Kingdom, where
hydraulic fracturing operations were carried out to extract gas at the Preston New Road (PNR) site. The aim
was to include the variation in time of the seismicity and to do so we analyzed both datasets (PNR-1z and
PNR-2) per sleeve unit time, which is attached to an operational decision. The results showed that the sleeve
exceedance rates either using an independent or consecutive sleeve calculation approach, are directly related
to the maximum magnitude, the number of the events, and the cumulative volume injected of the sleeve. The
evolution of the exceedance rates per sleeve provides an insight into how the seismic intensity levels at the site
were varying during the hydraulic fracturing operations at the site.
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