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How injection history can affect hydraulic fracturing-induced seismicity: insights from downhole monitoring at Preston New Road, UK

In August 2019, a multi-stage hydraulic fracturing operation was carried out at Preston New Road, UK. Hydraulic fracturing caused abundant seismic activity that culminated with a 𝑴 𝑳 2.9 event. The seismic activity was recorded by a downhole array of 12 sensors located in a nearby monitoring well. 55,556 events were detected and located in real time during the operations by a service company. In this study, we first improve the number of detections by applying template matching and later calculate the moment magnitude of the associated earthquakes. Next, we show that by separately analyzing the periods during and immediately after injection, distinct patterns can be identified. We observe an increase in the delay and decrease in amplitude of peak seismicity during subsequent phases of injection. After injection, the seismicity decay can be described by the Omori-Utsu law. The decay rate tends to slow with each successive injection, in particular during the later injection stages. In addition, the frequency-magnitude distribution evolves from a tapered distribution (lack of large events) to a bi-linear distribution (excess of large events). This evolution is gradual, with the corner magnitude increasing with each injection. We interpret these patterns as the result of the combined effect of two factors: (i) the stimulated volume becoming increasingly aseismic and (ii) the gradual increase in its size, which increases the probability of triggered events on preexisting faults. More generally, these patterns suggest that seismic activity during injection is strongly influenced by the injection history and is modulated by local conditions such as stress state, fault structure, and permeability.

INTRODUCTION

Human activities such as fluid injection, fluid withdrawal, and reservoir impoundment can produce stress changes at depth that can trigger seismicity [START_REF] Foulger | Global review of human-induced earthquakes[END_REF][START_REF] Keranen | Induced Seismicity[END_REF]. The largest recorded earthquake induced by fluid injection is the 2016 𝑀 𝑤 5.8 Pawnee earthquake in Oklahoma, which resulted from deep wastewater disposal [START_REF] Chen | The Pawnee earthquake as a result of the interplay among injection, faults and foreshocks[END_REF]. Other notable large earthquakes induced by water injection include the 2017 𝑀 𝑤 5.5 Pohang earthquake in South Korea [START_REF] Grigoli | The November 2017 Mw 5.5 Pohang earthquake: A possible case of induced seismicity in South Korea[END_REF]) (enhanced geothermal system development), the 2011 𝑀 𝑤 5.7 Prague earthquake, in Oklahoma [START_REF] Keranen | Potentially induced earthquakes in Oklahoma, USA: Links between wastewater injection and the 2011 Mw 5.7 earthquake sequence[END_REF] (wastewater disposal) and the 2018 𝑀 𝐿 5.7 Sichuan earthquake [START_REF] Lei | The December 2018 ML 5.7 and January 2019 ML 5.3 Earthquakes in South Sichuan Basin Induced by Shale Gas Hydraulic Fracturing[END_REF] (hydraulic fracturing).

These earthquakes prove that without proper mitigation, induced seismicity has the potential to cause earthquake losses and pose a threat to public safety.

One type of human activity that causes induced seismicity is Hydraulic Fracturing (HF). HF consists of fracturing rocks (typically shales) with pressurized fluids to create the necessary permeability to extract oil and gas trapped in the formations.

HF has been practiced extensively in North America, particularly in Alberta (e.g., [START_REF] Wang | Source analysis of a potential hydraulic-fracturing-induced earthquake near Fox Creek, Alberta[END_REF][START_REF] Schultz | Newly emerging cases of hydraulic fracturing induced seismicity in the Duvernay East Shale Basin[END_REF][START_REF] Igonin | Large-Scale Fracture Systems Are Permeable Pathways for Fault Activation During Hydraulic Fracturing[END_REF], British Columbia (e.g., [START_REF] Farahbod | Investigation of regional seismicity before and after hydraulic fracturing in the Horn River Basin, northeast British Columbia[END_REF][START_REF] Yu | Induced Seismicity Driven by Fluid Diffusion Revealed by a Near-Field Hydraulic Stimulation Monitoring Array in the Montney Basin, British Columbia[END_REF][START_REF] Roth | High-Resolution Imaging of Hydraulic-Fracturing-Induced Earthquake Clusters in the Dawson-Septimus Area, Northeast British Columbia, Canada[END_REF], Texas [START_REF] Savvaidis | Induced Seismicity in the Delaware Basin, West Texas, is Caused by Hydraulic Fracturing and Wastewater Disposal[END_REF][START_REF] Fasola | Hydraulic Fracture Injection Strategy Influences the Probability of Earthquakes in the Eagle Ford Shale Play of South Texas[END_REF], and Ohio [START_REF] Friberg | Characterization of an Earthquake Sequence Triggered by Hydraulic Fracturing in Harrison County, Ohio[END_REF][START_REF] Skoumal | Earthquakes Induced by Hydraulic Fracturing in Poland Township, Ohio[END_REF]. Other notable regions where HF has been performed are near Blackpool in the UK (Kettlety et al., 2021) and Sichuan in China [START_REF] Lei | The December 2018 ML 5.7 and January 2019 ML 5.3 Earthquakes in South Sichuan Basin Induced by Shale Gas Hydraulic Fracturing[END_REF].

Several physical processes have been identified that can trigger seismicity during HF, all of which result from the presence of pressurized fluids. These fluids can alter the stress field through different mechanisms. Fluid diffusion increases pore pressure, which lowers the effective normal stress and thus the shear stress needed to reach failure (e.g., [START_REF] Shapiro | Hydraulic-fracturing controlled dynamics of microseismic clouds[END_REF]. Fluids can deform the surrounding rocks leading to a change in normal stress (usually referred to as poroelastic stress change) that can either promote or impede failure (e.g., [START_REF] Murphy | Modelling fluid induced seismicity on a nearby active fault[END_REF][START_REF] Segall | Injection-induced seismicity: Poroelastic and earthquake nucleation effects[END_REF]. Fluids can cause a stable (aseismic) slip on a fault that produces a positive stress change in a distal unstable region (e.g., [START_REF] Guglielmi | Seismicity triggered by fluid injection-induced aseismic slip[END_REF][START_REF] Mcgarr | Injection-Induced Moment Release Can Also Be Aseismic[END_REF]. Finally, the opening of hydraulic fractures generates a stress change that deforms the surrounding rocks that can either favor or inhibit failure (e.g., [START_REF] Shapiro | Hydraulic-fracturing controlled dynamics of microseismic clouds[END_REF].

During injection, diffusion of fluids leads to positive pore pressure changes. After injection, negative pore pressure changes are superimposed on the positive pore pressure changes. As a result, during and after fluid injection, the stimulated volume is affected by a spatio-temporally varying state of stress. This is then reflected in a variable seismicity rate within the rock volume. Studies that use real data and distinguish between periods during and after injection focus mainly on seismicity after shut-in (i.e., after the injection is interrupted) (e.g., [START_REF] Parotidis | Back front of seismicity induced after termination of borehole fluid injection[END_REF][START_REF] Langenbruch | Decay rate of fluid-induced seismicity after termination of reservoir stimulations[END_REF][START_REF] Mukuhira | Pore pressure behavior at the shut-in phase and causality of large induced seismicity at Basel, Switzerland[END_REF], as this is often when the largest earthquake occurs. Moreover, these studies focus on single injection stages. If multiple stages are considered, they are studied independently without considering the interaction in terms of the resulting stress field (e.g., [START_REF] Teng | Post shut-in hazard for hydraulic-fracturing-induced earthquakes: analysis using data from the Guy-Greenbrier earthquake sequence[END_REF]. As a result, the way in which seismicity changes when multiple stages are performed is still relatively unexplored. For example, [START_REF] Dinske | Microseismicity induced by hydraulic fracturing: Evaluation and interpretation in terms of the Kaiser effect[END_REF] show that the number of events during an injection is influenced by previous injections if fluids affect the same volume. [START_REF] Niemz | Full-waveform-based characterization of acoustic emission activity in a mine-scale experiment: a comparison of conventional and advanced hydraulic fracturing schemes[END_REF] show, in a controlled acoustic experiment, how different injection strategies affect the b-value, the number of events, and the fracture growth. In both cases, there is no specific focus on how the seismicity rate and the FMD (Frequency-Magnitude Distribution) during and after injections are affected by previous stages.

The objective of this study is to analyze how, in multi-stage HF experiments, the seismicity rate and the FMD change with the progressive stimulation of the medium. In this study, we rely on a real-time and high-resolution catalog created during the HF operations performed in 2019 at Preston New Road, UK, along the PNR-2 well. This catalog was also used by Kettlety and Verdon (2021) and Kettlety et al. (2021), who studied the spatio-temporal evolution of the microseismicity to identify the main fracture systems and the primary triggering mechanisms of the induced events. Our study can then be considered as an expansion of the analysis of Kettlety et al. (2021) with a focus on the analysis of the seismicity during and after the 7 injection stages carried out at PNR-2.

OVERVIEW OF THE PRESTON NEW ROAD AREA AND AVAILABLE DATA

Well operations at PNR-2

PNR-2 is a horizontal shale gas well drilled in 2018 targeting the Lower Bowland Shale at a depth of 2.3 km. It is located approximately 200 m above and 250 m north of another horizontal well, PNR-1z, drilled in the same year to target the Upper Bowland Shale [START_REF] Clarke | Real-Time Imaging, Forecasting, and Management of Human-Induced Seismicity at Preston New Road, Lancashire, England[END_REF][START_REF] Kettlety | Stress Transfer From Opening Hydraulic Fractures Controls the Distribution of Induced Seismicity[END_REF] (Figure 1). PNR-1z and PNR-2 are the first horizontal shale gas wells in the United Kingdom. HF of PNR-2 was carried out from 15 August to 24 August 2019 in 7 stages. Each stage stimulated a different sleeve starting from the toe of the well (Figure 1). The sleeves were evenly spaced at 14.5 m. In the first five stages, fluids were injected at a constant rate of 0.075 𝑚 3 ∕𝑠 for approximately 1.5 hours. The injection plan was not to exceed the maximum injected volume of 432 𝑚 3 per stage [START_REF] Cao | Coupled Poroelastic Modeling of Hydraulic Fracturing-Induced Seismicity: Implications for Understanding the Post Shut-In ML 2.9 Earthquake at the Preston New Road, UK[END_REF]. In stage 6, 𝑀 𝐿 > 0.5 events occurred, resulting in a pause of the injections, as imposed by the adopted Traffic Light Scheme. In stage 7, the injection rate and volume were reduced and higher viscosity fluids were used to limit fracture growth. Despite these precautions, further 𝑀 𝐿 > 0.5 events occurred and the operations had to be completely halted. The largest event (𝑀 𝐿 2.9) was recorded on 26 August, more than two days after the completion of the last stage.

Data acquisition and starting catalog

Seismic activity induced by the stimulation of the PNR-2 well was monitored from the surface and from the PNR-1z well (Figure 1). The surface network consisted of eleven broadband and short-period seismometers and eight accelerometers. The downhole network used a Schlumberger VSI (Versatile Seismic Imager) comprised of twelve three-component sensors installed in the build section of PNR-1z (i.e., where the well deviates from vertical to horizontal). The sensors are Schlumberger Geophone Accelerometers (GAC-D) with a natural frequency of 25 Hz and a flat response to acceleration from 2 to 200 Hz. Downhole sensors were active from 13 August to 2 October 2019 and recorded at a sampling frequency of 2,000 Hz. Even if 98% of the recording period has data, there are often short gaps in the recordings. For instance, the largest event occurred during one of these gaps and therefore was not recorded. Nevertheless, it should be noted that, in general, the larger events cannot be properly recorded on these instruments because the sensors saturate due to the short hypocentral distance.

Real-time processing of microseismicity was conducted by Schlumberger Ltd (Kettlety et al., 2021). The operator, Cuadrilla Resources Ltd, released a catalog containing origin times, hypocenters, and moment magnitudes of 55,556 microseismic events. No P-wave and S-wave picks were shared. We note that the last event of the catalog occurred on 2 September 2019, even though the continuous recordings end on 2 October 2019. The catalog employed in this study is the same as that used by Kettlety et al. (2021). This catalog is based on that provided by the operator, but integrates events from the surface that saturated or were not recorded by the downhole array. In addition, the moment magnitudes, as provided in the original catalog, were corrected following the relation proposed by [START_REF] Baptie | Robust relationships for magnitude conversion of PNR seismicity catalogues[END_REF].

The cataloged events were originally detected and located with a proprietary coalescence microseismic mapping method [START_REF] Drew | Coalescence microseismic mapping[END_REF]. This method consists of three main steps. The first step is to define a grid and then create a look-up table of travel times based on a predefined velocity model. The second step is to derive onset functions from the continuous recordings, which represent the probability density functions of the phase arrival time pick. The third step is to migrate the onset functions back to each grid point. The velocity model used to locate the events was derived from a vertical seismic profile, sonic logs, and four downhole calibration shots. The resulting horizontal and vertical location errors for good-SNR (signal-to-noise ratio) events average about 25 ± 10m (Kettlety et al., 2021).

No public information is available on how moment magnitudes were estimated, nor was it provided on request. More generally, as noted by Kettlety et al. (2021), there is scarce information on the processing steps used to create the real-time catalog. In this study, we therefore attempt to verify the quality of the detections and improve their quantity by applying template matching. We also revise the moment magnitudes and estimate them for the newly detected events.

Previous studies Kettlety et al. (2021) interpreted the microseismic activity at PNR-2 and identified the main fault structures activated by HF. They analyzed their activation history and FMD. They also found that these fault structures do not overlap with those activated during the stimulation of PNR-1z, despite the proximity of the two injection sites. The rock volumes activated by PNR-2 are thus interpreted to be hydraulically isolated from the rock volumes activated by PNR-1z (Kettlety et al., 2021).

The migration of seismicity studied by Kettlety and Verdon (2021) and the 3D coupled poroelastic modeling of [START_REF] Cao | Coupled Poroelastic Modeling of Hydraulic Fracturing-Induced Seismicity: Implications for Understanding the Post Shut-In ML 2.9 Earthquake at the Preston New Road, UK[END_REF] suggest that the fault triggering was probably caused by a decrease in normal stress due to pore pressure diffusion. In contrast, at the nearby PNR-1z well, tensile fracture opening due to the injection of high-pressure fluids is also thought to play an important role in triggering seismicity [START_REF] Kettlety | Stress Transfer From Opening Hydraulic Fractures Controls the Distribution of Induced Seismicity[END_REF]. Another difference between PNR-2 and PNR-1z is that the number of events per unit of injected volume is larger at PNR-2 than at PNR-1z (Kettlety et al., 2021).

METHODS

Template Matching

To improve the number of detections and ultimately the assessment of the processes driving the seismicity, we applied singlestation template matching [START_REF] North | An Analysis of the factors which determine signal/noise discrimination in pulsed-carrier systems[END_REF][START_REF] Anstey | Correlation Techniques -A Review)[END_REF][START_REF] Gibbons | The detection of low magnitude seismic events using array-based waveform correlation[END_REF]. Template matching consists of crosscorrelating a set of reference events, called templates, with continuous recordings. When the correlation coefficient (CC) exceeds a predefined threshold, the time producing the largest value is saved as indicator of a detection. To guarantee a suitably high level of performance, the set of templates must ideally consist of high-SNR events that are representative of the waveforms produced in the area under investigation. Template matching has been applied to a variety of geological settings and scales (e.g., [START_REF] Kato | Foreshock migration preceding the 2016 Mw 7.0 Kumamoto earthquake, Japan[END_REF][START_REF] Park | Temporal variations of repeating low frequency volcanic earthquakes at Ngauruhoe Volcano, New Zealand[END_REF][START_REF] Takemura | Spatiotemporal Variations of Shallow Very Low Frequency Earthquake Activity Southeast Off the Kii Peninsula, Along the Nankai Trough, Japan[END_REF]. Template matching has also been successfully applied to detect earthquakes induced by hydraulic fracturing (e.g., [START_REF] Skoumal | Characterizing Seismogenic Fault Structures in Oklahoma Using a Relocated Template-Matched Catalog[END_REF][START_REF] Castro | Stress Chatter via Fluid Flow and Fault Slip in a Hydraulic Fracturing-Induced Earthquake Sequence in the Montney Formation, British Columbia[END_REF][START_REF] Schultz | Newly emerging cases of hydraulic fracturing induced seismicity in the Duvernay East Shale Basin[END_REF]. The main limitation of this method is that the templates depend on the available events in the catalog. As a result, earthquakes whose waveform differ significantly from the templates may not be detected.

The catalog provided by the operator does not contain either P-wave or S-wave picks, which are essential for selecting the proper time windows containing the templates. To derive P-and S-wave arrival times, we estimated the theoretical arrival times using a 1D velocity model. As the earthquakes occurred within the same formation, we used a constant value of 4,700 m/s for P waves and 3,000 m/s for S waves. Visual inspection confirmed that the theoretical arrival times were accurate enough to correctly select P and S waves, and no further processing was required.

Before applying template matching, we estimated the SNR distribution of the events recorded at each of the twelve available stations to assess the quality of the recordings. Figure S1 shows that the SNR increases significantly with depth. Therefore, to maximize the number of detections, we decided to perform template matching using only the deepest sensor, DH12 (Figure 1). SNR was estimated by considering the part of the waveform starting 0.015 s before the P-wave arrival and ending 0.25 s after the P-wave arrival. The noise window was set to start 0.2 s before the P-wave arrival and to end 0.02 s before the P-wave arrival (see Figures S2 andS3 for an example of waveforms). Recordings were filtered between 80 and 400 Hz. In general, events have most of their energy below 400 Hz (Figure S2). Below 80 Hz, the recordings can be significantly affected by noise (Figure S4). The SNR of an earthquake is the average SNR of the three components.

To choose the templates, we first selected earthquakes with SNR > 5 at the reference sensor. This group of events may include events that are very similar to one another. Performing template matching with similar templates increases the time cost to run the algorithm without significantly improving the number of detections. For this reason, we decided to remove similar events. The removal was achieved by grouping similar events using hierarchical clustering (e.g., [START_REF] Rowe | An Automatic, Adaptive Algorithm for Refining Phase Picks in Large Seismic Data Sets[END_REF][START_REF] Herrmann | A Consistent High-resolution Catalog of Induced Seismicity in Basel Based on Matched Filter Detection and Tailored Post-processing[END_REF] with a dissimilarity threshold of 0.2 and the UPGMA (Unweighted Pair Group Method with Arithmetic mean) algorithm [START_REF] Sokal | A statistical method for evaluating systematic relationships[END_REF] as linking algorithm.

For each cluster obtained from hierarchical clustering, we selected the event with the highest average correlation coefficient as the template. Finally, we manually removed 225 templates whose time window contained multiple events. Their removal prevents mistimings during template matching, which could lead to multiple detections of the same event.

This study only examines the time period between 13 August and 2 September 2019, even though the continuous recordings continue until 2 October 2019. This is mainly for two reasons. The first reason is that the seismic activity after 2 September 2019 is low. The second reason is that the focus of the study is the seismic activity during and immediately after the injection phases.

The correlation coefficient threshold for template matching was set to 0.4, and detections from different templates within 0.2 s were merged. When merging, the chosen detection time corresponds to the detection time of the event with the highest correlation coefficient. False detections were removed by using anti-templates, representing detections with high SNR (> 3) but low similarity (CC < 0.55). High-SNR earthquakes can have a low CC if they are not well represented by the templates. We visually examined such events to avoid removing additional real earthquakes. Next, we cross-correlated the anti-templates with all the available detections. A detection was classified as false if an anti-template (i.e., a noise signal) produced a correlation coefficient greater than that produced by the templates (i.e., the real earthquakes).

We attempted to relocate the newly detected events. However, the limited azimuthal coverage of the downhole array prevented us from obtaining high-accuracy locations. Therefore, we simply analyzed the spatial distribution of the earthquakes using the locations from the original catalog. We point out that relocation methods specifically designed to work with downhole arrays exist (e.g., [START_REF] Dando | Relocating microseismicity from downhole monitoring of the Decatur CCS site using a modified double-difference algorithm[END_REF], but their use is typically restricted.

Seismicity rate characterization

To analyze the seismic activity during and after each injection phase, we used adaptive kernel smoothing (e.g., [START_REF] Helmstetter | Adaptive Spatiotemporal Smoothing of Seismicity for Long-Term Earthquake Forecasts in California[END_REF]. Kernel smoothing is preferable to counting events within time bins because it provides higher temporal resolution during periods of high activity and smoother results during periods of low activity, making it more suited for detecting changes in seismic activity immediately after the end of injections. The intensity 𝐼(𝑡) is defined as:

𝐼(𝑡) = 𝑁 ∑ 𝑖=1 1 ℎ 𝑖 𝐾( 𝑡 -𝑡 𝑖 ℎ 𝑖 )
where ℎ 𝑖 is the bandwidth associated with event 𝑖 occurring at time 𝑡 𝑖 . ℎ varies as a function of earthquake density, which is estimated by considering 𝑛 earthquakes before and after the earthquake recorded at time 𝑡 𝑖 . 𝐾 is the temporal kernel. Several functions can be used as temporal kernel. For the sake of simplicity, a Gaussian kernel is used for this study.

The seismic activity after each injection was studied by fitting the Omori-Utsu law [START_REF] Omori | On the Aftershocks of Earthquakes[END_REF][START_REF] Utsu | Magnitudes of earthquakes and occurrence of their aftershocks[END_REF][START_REF] Utsu | The Centenary of the Omori Formula for a Decay Law of Aftershock Activity[END_REF]. The Omori-Utsu law is an empirical law that describes the decay of the seismicity rate with time:

𝑅(𝑡) = 𝑘(𝑡 + 𝑐) -𝑝
where 𝑅 is the seismicity rate at time 𝑡 after the end of the injection, 𝑘 is the productivity, 𝑐 is the time delay before the onset of the power-law decay rate, and 𝑝 indicates how fast the decay is. These parameters were estimated with a maximum likelihood method (e.g., [START_REF] Ogata | Estimation of the Parameters in the Modified Omori Formula for Aftershock Frequencies by the Maximum Likelihood Procedure[END_REF] and considering only earthquakes with magnitude greater than the largest magnitude of completeness among all stages.

The Omori-Utsu law is traditionally used to fit the rate of aftershocks following a large earthquake. The parameter 𝑐 is considered to result from catalog incompleteness soon after the mainshock and as such would have no physical meaning [START_REF] Woessner | The 1997 Kagoshima (Japan) earthquake doublet: A quantitative analysis of aftershock rate changes[END_REF][START_REF] Kagan | Short-Term Properties of Earthquake Catalogs and Models of Earthquake Source[END_REF]. Other authors suggest that 𝑐 may be related to the pore pressure change caused by the mainshock [START_REF] Lindman | Physics of the Omori law: Inferences from interevent time distributions and pore pressure diffusion modeling[END_REF]. Past studies indicate that 𝑝 is not controlled by one dominant factor, but rather by several, such as stress state, temperature, and material type (e.g., Utsu et al., 1995, and references therein).

The Omori-Utsu law can also be applied to study the rate of earthquakes after fluid injection has stopped, as confirmed by several studies (e.g., [START_REF] Langenbruch | Decay rate of fluid-induced seismicity after termination of reservoir stimulations[END_REF][START_REF] Bachmann | Statistical analysis of the induced Basel 2006 earthquake sequence: introducing a probability-based monitoring approach for Enhanced Geothermal Systems[END_REF][START_REF] Segall | Injection-induced seismicity: Poroelastic and earthquake nucleation effects[END_REF][START_REF] Kim | Stress-Based and Convolutional Forecasting of Injection-Induced Seismicity: Application to the Otaniemi Geothermal Reservoir Stimulation[END_REF]. Much of the interpretation of the Omori-Utsu law parameters in the context of induced seismicity comes from the work of [START_REF] Langenbruch | Decay rate of fluid-induced seismicity after termination of reservoir stimulations[END_REF], where they suggest that 𝑝 depends on diffusivity, duration of the injection, injection strength and minimum criticality value (i.e. the minimum pressure needed to induce failure in a system of fractures). 𝑐 > 0 would instead arise if the injection strength is larger than the maximum criticality value (i.e. the maximum pressure needed to rupture all the fractures of the system).

Moment magnitude estimation

The lack of information on the instrument response prevented the use of conventional methods such as spectral fitting (e.g., [START_REF] Stork | The robustness of seismic moment and magnitudes estimated using spectral analysis[END_REF] to calculate the moment magnitude of the newly detected events. However, alternative methods that use the moment magnitude of events in the original catalog can be employed. One such method was successfully applied by [START_REF] Herrmann | A Consistent High-resolution Catalog of Induced Seismicity in Basel Based on Matched Filter Detection and Tailored Post-processing[END_REF] for the induced seismicity at Basel. This method is based on the principle that the events of a cluster, provided they are small enough, have the same normalized amplitude spectrum (i.e. they are scaled copies of each other).

The maximum amplitude 𝐴 of the phase (P or S) and the moment magnitude are therefore related by the following linear equation:

𝑀 𝑤 = 2 3 log 10 𝐴 + 𝐶
where 𝐶 is a constant that varies from cluster to cluster [START_REF] Deichmann | Local Magnitude, a Moment Revisited[END_REF]. By computing 𝐶 from the events of known magnitude, it is then possible to derive the moment magnitude of the events of a cluster simply by knowing their amplitude.

The amplitude can be expressed either in displacement, velocity, or acceleration, as demonstrated by [START_REF] Herrmann | A Consistent High-resolution Catalog of Induced Seismicity in Basel Based on Matched Filter Detection and Tailored Post-processing[END_REF].

The condition that events of a cluster have the same normalized amplitude spectrum is valid if the corner frequency of the events (𝑓 𝑐 ) is higher than the maximum corner frequency that can be observed due to attenuation (𝑓 𝑚𝑎𝑥 ). After deriving the attenuation factor using the relation 𝑄 𝑆 = 108.230𝑓 0.15 proposed by [START_REF] Suroyo | Rapid Near-Field Attenuation of Ground Motion from Shallow Induced Earthquakes, Case Study: Preston New Road, United Kingdom[END_REF], we calculated the theoretical spectra of earthquakes of different size (Figure S5), which show that 𝑓 𝑐 > 𝑓 𝑚𝑎𝑥 if 𝑀 𝑤 ≲ -0.5. We therefore excluded earthquakes with 𝑀 𝑤 > -0.5 from the fitting. We validated this threshold by checking the linearity of the 𝑀 𝑤 -amplitude plots of clusters containing large events. The maximum amplitude of an event is calculated from the P waves recorded at sensor DH12 by filtering between 100 and 400 Hz. More specifically, the maximum amplitude corresponds to the maximum of the quadratic mean of the three components. We chose P waves because they are often stronger than S waves in this dataset.

Note that we calculated amplitudes from uncorrected recording because we do not have the response of the sensor. As the sensors are accelerometers with flat response from 2 to 200 Hz, the amplitude is proportional to acceleration.

When inspecting 𝑀 𝑤 -amplitude plots, we observed that several outliers are present, especially at low amplitudes (Figure S6). Assuming that amplitudes are more accurate than moment magnitudes, the likely cause of the outliers is an overestimation of the magnitudes due to the inclusion of low SNR events in the calculations. For this reason, we only selected events with 𝑙𝑜𝑔 10 𝐴 > -2.6. To reduce the effect of the remaining outliers, we iteratively removed events with vertical distance from the linear fit greater than 0.1 magnitude unit. Finally, we performed the fit only if the cluster had at least three earthquakes.

By applying these conditions, about 56% of the events in the starting catalog could be used in the calculations. Since the magnitude of small earthquakes (𝑀 𝑤 < -1.5) is often overestimated, we assigned to each event the moment magnitude estimated from amplitudes whenever possible. If its magnitude could not be estimated from amplitudes (because the event was part of a cluster that did not meet the fit criteria), we assigned the moment magnitude of the original catalog when available.

Frequency-magnitude distribution

Similarly to the analysis of the seismic activity, we analyzed the frequency-magnitude distributions for periods during and after injection. For the post-injection periods, we selected the events that occurred within the first 20 hours. This duration limit is imposed by the minimum time separating two consecutive injection phases.

We computed the magnitude of completeness 𝑀 𝑐 with the maximum curvature method [START_REF] Wiemer | Minimum magnitude of completeness in earthquake catalogs: examples from Alaska, the Western United States, and Japan[END_REF].

According to this method, 𝑀 𝑐 corresponds to the magnitude bin with the highest frequency of events in the non-cumulative FMD. We also tested other methods such as MBASS (Median-Based Analysis of the Segment Slope) (Amorese, 2010) and MBS (b-value stability) [START_REF] Woessner | Assessing the Quality of Earthquake Catalogues: Estimating the Magnitude of Completeness and Its Uncertainty[END_REF], but they are less stable due to the non-linearity of the FMDs. Even though the maximum curvature method allows to obtain more stable and consistent values, it tends to underestimate 𝑀 𝑐 .

This can be prevented by applying a correction of 0.2 magnitude units, as suggested by [START_REF] Woessner | Assessing the Quality of Earthquake Catalogues: Estimating the Magnitude of Completeness and Its Uncertainty[END_REF].

According to the Gutenberg-Righter (GR) law [START_REF] Gutenberg | Frequency of earthquakes in California[END_REF] the logarithm of the cumulative number of events (𝑁) and the magnitude (𝑀) are linearly related:

𝑙𝑜𝑔 10 𝑁 = 𝑎 -𝑏𝑀 with the slope 𝑏 representing the proportion of small and large earthquakes. The b-value is thought to provide information on the stress state of the study area (e.g., [START_REF] Schorlemmer | Variations in earthquake-size distribution across different stress regimes[END_REF][START_REF] Bachmann | Influence of pore-pressure on the event-size distribution of induced earthquakes[END_REF][START_REF] Spada | Generic dependence of the frequency-size distribution of earthquakes on depth and its relation to the strength profile of the crust[END_REF][START_REF] Scholz | On the stress dependence of the earthquake b value[END_REF].

In the case of induced seismicity, the GR law is often not valid as large events are under-represented. This is typically attributed to the presence of a volume of limited size (e.g., [START_REF] Shapiro | Probability of inducing given-magnitude earthquakes by perturbing finite volumes of rocks[END_REF][START_REF] Segall | Injection-induced seismicity: Poroelastic and earthquake nucleation effects[END_REF]. Therefore, we fit the FMDs with the tapered GR, also called modified GR or Kagan distribution (e.g., [START_REF] Kagan | Probabilistic forecasting of earthquakes[END_REF][START_REF] Zöller | Convergence of the frequency-magnitude distribution of global earthquakes: Maybe in 200 years[END_REF].

This distribution uses an exponential taper with corner magnitude 𝑀 𝑡 . We estimated 𝑀 𝑡 and the b-value by maximizing the likelihood of the following probability density function:

𝑝(𝑀) = 10 -𝑏(𝑀-𝑀 𝑐 ) [ 2 3 𝑏 + 10 - 3 2 (𝑀 𝑡 -𝑀) ] exp [10 - 3 2 (𝑀 𝑡 -𝑀 𝑐 ) -10 - 3 2 (𝑀 𝑡 -𝑀) ]
We computed the errors affecting 𝑀 𝑐 , the b-value and 𝑀 𝑡 with 2,000 rounds of bootstrap [START_REF] Efron | Bootstrap Methods: Another Look at the Jackknife[END_REF]. Kettlety et al. (2021) described the main structures activated during the seven injection stages, along with their activation history. Here, we provide an alternative description of the evolution of the seismic activity by focusing on the structures activated during and after each injection.

SPATIO-TEMPORAL EVOLUTION OF THE MICROSEISMICITY

Based on the spatial distribution of the events, three main clusters can be distinguished: a Central Zone, a Western Zone, and an Eastern Zone (Figures 2 and3). The three clusters are formed by events that gradually migrated away from the injection points. Plotting the distance of the events from the injection point versus the occurrence time (Figure 4) shows that a pore pressure diffusion front can explain the observed migration of seismicity during injection, as also indicated by Kettlety and Verdon (2021). This interpretation is further supported by the numerical modeling studies of Kettlety and Verdon (2021) and [START_REF] Cao | Coupled Poroelastic Modeling of Hydraulic Fracturing-Induced Seismicity: Implications for Understanding the Post Shut-In ML 2.9 Earthquake at the Preston New Road, UK[END_REF]. After injection, migration occurred along pathways expanding in multiple directions, making it difficult to analyze the diffusion process from distance-time plots. In addition, Figures 4 and5a show that the stimulated volume becomes less and less seismogenic with each injection. This is also evidenced by the fact that an increasingly large volume around the injection points becomes aseismic. For a detailed representation of the spatio-temporal evolution of the seismicity during each stage, see Figures S7-S20.

The Central Zone was active during all 7 stages and continued to expand until stage 6. From stages 1 to 3 (Figures 2 and5b) it expanded to define sub-horizontal, NS-oriented, and sub-parallel linear structures located at different depths. From stages 4 to 6, the cluster growth generally occurred only after fluid injection ceased, and mainly along a plane dipping eastward at about 50 • .

The Western Zone was first activated during stage 2 and expanded until stage 3 along a sub-horizontal structure formed by the consecutive activation of sub-linear volumes parallel to the Central Zone. From stage 4, the Western Zone became inactive. The Eastern Zone became active for the first time after the fourth injection. Similarly to the Central Zone, the Eastern Zone develops in the NS direction over different depth levels. However, unlike the Central Zone, the expansion is mainly upwards. The expansion of the Eastern Zone progressed after each of the remaining stages, but most of the activity occurred from stage 6. Stage 6 reactivated part of the volume that would later intersect the fault plane that hosted the largest event induced by the PNR-2 stimulation.

RESULTS

New template-matching catalog

Template matching allowed us to detect 84,632 events with 3,719 templates, i.e., an increase of about 52% compared to the original catalog. Among the detected events, we were able to estimate the moment magnitude of 79400 events. The remaining events are earthquakes that are not present in the original catalog and that are part of clusters that did not have the required minimum number of events (3) to properly establish a 𝑀 𝑤 -amplitude relation. See Figure S21 for a comparison between the events in the original catalog and the newly discovered events in terms of magnitude and location.

Figure 6 shows that the detection rate mainly improved during injection, in particular in the initial stages. The contrast between the improvement obtained before and after the injections can be explained by the fact that, in the original catalog, 𝑀 𝑐 is significantly higher during the injections than after the injections (Figure S22). Temporal changes in 𝑀 𝑐 may result from several factors. One possible factor is the overlapping of seismic events, which is more pronounced during periods of high seismicity (e.g., [START_REF] Hainzl | Rate-Dependent Incompleteness of Earthquake Catalogs[END_REF]. Given the high seismicity rate during the injections, this effect is likely present, but it does not appear to be the main cause of the increase in 𝑀 𝑐 during the injections. Indeed, 𝑀 𝑐 is still high during injection periods with low seismicity (e.g., stages 5 and 6).

Another factor that can affect 𝑀 𝑐 is high background noise. For the duration of each injection, a constant noise with frequency lower than approximately 80 Hz is observed (Figure S4). The noise is not present when fluids are not pumped. The noise has enough energy to mask small events if not properly filtered. Therefore, a possible explanation for the change in 𝑀 𝑐 is that the detection algorithm used by the operator considered frequencies lower than 80 Hz. The noise energy is concentrated at certain frequencies (Figure S4), indicating the presence of a resonant source probably linked to the injection operations.

Even though template matching improved the detection rate, 2,667 events found in the original catalog are missing (≈ 5%). We identified three possible reasons why they could not be detected by template matching: their occurrence coincides with data gaps in the continuous recordings of the reference station; their amplitude was too low at the reference station; or the degree of similarity with the selected templates was too low.

Temporal evolution of seismic activity

We compared the seismic activity of the different injection stages, separating the periods during and after the injections. The comparison was facilitated by the fact that the first six stages had approximately the same duration (1.5 hours) and injection rate (Figure 6). For this study, we used earthquakes with 𝑀 𝑤 > -1.5. This threshold represents the largest 𝑀 𝑐 among all stages (Figure 7), and it allows us to compare the seismic activity of stages with varying 𝑀 𝑐 .

During the first six injections, it is possible to distinguish a main peak of seismicity for a given injection stage (Figure 8a). These peaks tend to progressively occur at later times with respect to the start of injection. The peak of stage 3 is found to correspond to the activation of part of the Western Zone (Figure S9). However, in the other stages the correlation between peaks and the activation of new volumes is less apparent. Although the peaks of seismicity are mainly observed during the injections, in one case (stage 2) the peak is observed shortly after the end of the injection. This peak also corresponds to the highest seismicity rate of the whole sequence (Figure 6), and, similarly to stage 3, its events are located in the Western Zone (Figure S15).

Not only do the peaks gradually occur at later times, but their amplitude also gradually decreases. Furthermore, the seismicity rate at the start of an injection tends to increase more slowly with each injection (Figure 8a). As a result, the number of earthquakes during an injection tends to decrease with each injection (Figure 9a). The general decrease in seismic activity coincides with the progressive confinement of the seismicity in volumes already activated during previous stages (Figure 2), especially after stage 3.

In contrast, the seismicity rate during the sixth and seventh injections remains at a level similar to stage 5, despite a lower injection rate than in previous stages (Figure 8b). The persistence of stable seismicity levels during the final two injections corresponds to a shift of the seismicity from the Central Zone to the Eastern Zone (Figures 2, 9b, and9c).

After injection, seismicity decays following the Omori-Utsu law (Figure 10), in agreement with that observed in other fluid injection experiments and numerical modeling studies (e.g., [START_REF] Bachmann | Statistical analysis of the induced Basel 2006 earthquake sequence: introducing a probability-based monitoring approach for Enhanced Geothermal Systems[END_REF][START_REF] Segall | Injection-induced seismicity: Poroelastic and earthquake nucleation effects[END_REF][START_REF] Teng | Post shut-in hazard for hydraulic-fracturing-induced earthquakes: analysis using data from the Guy-Greenbrier earthquake sequence[END_REF]. Except for the first stage, the seismicity decays more slowly with each injection (Figure 10). The slower decay is mostly the result of an increase in 𝑐, as 𝑝 remains relatively stable until stage 5 (Figures 9d and10). The characteristic time 𝑐 increases in particular in stages 4 and 5 in correspondence to the activation of the deepest part of the Central Zone (Figures 3, S17, andS18). A noticeable decrease in decay rate occurs from stage 6, where both 𝑝 and 𝑐 drop (Figures 10 and9d). Similarly to what is observed during the injections, this change in seismic activity corresponds to the migration of seismicity from the Central Zone to the Eastern Zone. Finally, even though the seismicity mainly follows a power-law decay with time, a sudden increase in seismic activity can also be observed just after the injections, for example in stage 2 (Figure 6).

We note that the patterns in seismicity rate described in this section remain stable even if the minimum magnitude threshold is changed (Figures S23 andS24). 

Magnitude analysis

During and after injection, the FMDs of the seven stages are not well fitted by the Gutenberg-Richter law (Figure 7). Indeed, in early stages (1-5) the FMDs are better fitted by a tapered Gutenberg-Richter law (Figures S25 andS26). In addition, the corner magnitude gradually increases with each stage. This is seen more clearly during the injection phases (Figure 9e). In later injections (stages 6 and 7), the proportion of large events is larger than expected by the Gutenberg-Richter law, giving rise to FMDs with two distinct slopes (Figures S25 andS26). This bi-linearity is observed both during and after injection in stages 6 and 7. Notably, the large events that give rise to the bi-linearity are associated with the Eastern Zone (Figure S27). More specifically, these events are located in the southern part of the Eastern Zone (Figure S27), in close proximity to the region that would later host the largest event of the sequence.

Even though the periods during and after injection share the same deviations from the Gutenberg-Richter law, they differ in terms of b-value. Indeed, the b-values during the injections are consistently lower than the b-values after the injections (Figure 9f). This means that post-injection periods have more low-magnitude events than injection periods. During injection, the b-value is generally less than 0.9. An exception is stage 3, with a b-value of about 1.0, which coincides with the activation of the Western Zone (Figure S9). The b-value after injection is typically greater than 1.0. An exception is stage 1 with a bvalue of 0.9. The largest b-value is observed in stage 2, and, similarly to the third injection, coincides with the activation of the Western Zone (Figure S15).

We note that the patterns we have described can also be observed using the real time catalog. However, the number of events per stage can be up to five times lower than in the template matching catalog. Thus, given the larger number of events, the template matching catalog allows for a more robust and precise analysis of seismicity rate and FMDs.

DISCUSSION

During HF at Preston New Road, we observed that (i) the aseismic volume near the injection point and (ii) the total stimulated volume both gradually increase in size with each injection. In this section, we discuss how these two patterns can help explain the changes in seismicity rate and FMD during and after injection.

Growth of the aseismic volume

The spatio-temporal distribution of hypocenters (Figures 2 and4) and total number of events during injections (Figure 9b) indicate that each injection stage repeatedly stimulated similar regions and that these regions became progressively less seismogenic. The drop in seismic activity is particularly evident in the vicinity of the injection points where an aseismic volume can be observed. In these cases, the size of the aseismic volume gradually increases after each injection (Figures 4 and5a). In other words, regions that have already hosted fault rupture are less likely to activate again. The seismic activity during a stage therefore depends on the injection history of past stages. This memory effect could be viewed as an expression of the Kaiser effect. The Kaiser effect was first described by [START_REF] Kaiser | Erkenntnisse und Folgerungen aus der Messung von Geräuschen bei Zugbeanspruchung von metallischen Werkstoffen[END_REF], who found that the amount of acoustic emissions in metals remains low if the largest previously experienced stress level is not exceeded. The Kaiser effect is thought to derive from irreversible damage due to the stresses applied to the material (e.g., [START_REF] Lavrov | The Kaiser effect in rocks: principles and stress estimation techniques[END_REF]. Other than in laboratory settings, the Kaiser effect has been identified during fluid-injection operations (e.g., [START_REF] Dinske | Microseismicity induced by hydraulic fracturing: Evaluation and interpretation in terms of the Kaiser effect[END_REF][START_REF] Baisch | Investigation of Fault Mechanisms during Geothermal Reservoir Stimulation Experiments in the Cooper Basin, Australia[END_REF][START_REF] Kim | Stress-Based and Convolutional Forecasting of Injection-Induced Seismicity: Application to the Otaniemi Geothermal Reservoir Stimulation[END_REF], water level fluctuations in reservoirs (e.g., [START_REF] Simpson | Induced seismicity at Nurek Reservoir, Tadjikistan, USSR[END_REF], and also for natural processes, such as inflation-deflation episodes in volcanoes (e.g., [START_REF] Heimisson | Kilometer-scale Kaiser effect identified in Krafla volcano, Iceland[END_REF]. Reduced seismicity in pre-stimulated areas could also be exacerbated by the use of proppant. Proppant is a material, typically sand, used to keep open the fractures generated during hydraulic fracturing. The use of this material would therefore inhibit fracture slip and favor the activation and propagation of fractures located away from the injection points. Proppant may have had a significant impact during HF at Preston New Road, as about 75 tonnes of this material was injected at the end of each stage [START_REF] Verdon | Geomechanical interpretation of induced seismicity at the PNR-2 well[END_REF].

Remarkably, the volume close to the injections point of later stages (stages 6 and 7) remains aseismic throughout the entire operation. This aseismicity may be due to the presence of a developed pathway for fluids (e.g., [START_REF] Castro | Stress Chatter via Fluid Flow and Fault Slip in a Hydraulic Fracturing-Induced Earthquake Sequence in the Montney Formation, British Columbia[END_REF], the occurrence of earthquakes that are too weak to be recorded, or the formation of a stress shadow (e.g., Kettlety et al., 2021). Other examples of aseismic regions are the volume between the Central Zone and the Eastern Zone and the volume between the Central Zone and the Western Zone (Figures 2 and3).

Temporal evolution of seismicity rate during and after injections

If the stimulated volume becomes increasingly aseismic after repeated stimulation, the fluids injected in the subsequent stage will have to reach new and likely more distant regions to generate seismicity. This would lead to a low seismicity rate at the beginning of the injection of a given stage and therefore a delayed seismicity peak. Moreover, the regions that are further away from the injection point will be affected by a lower pressure and stress rate, which means that they will generate fewer events. As a result, the total number of events decreases and the seismicity peaks become less pronounced with each injection. It should be noted that the peak in stage 1 already has a significant delay (Figure 8a). This can be explained by the fact that the volume was already fractured by previous test injections.

After injection, seismicity is mainly concentrated in the outer regions of the stimulated volume. Therefore, a decrease in pore pressure needs to travel through a low-seismicity volume before significantly affecting the seismicity rate (e.g., stage 5 shown in Figure S18). The growing aseismic volume (Figure 5) may then explain increases with each stage of the Omori-Utsu law parameter 𝑐 . The drop in 𝑐 observed in stages 6 and 7 could be due to the fact that the region with the most intense seismic activity (Eastern Zone) is closer to the injection point, and would then be affected sooner by the decrease in pore pressure caused by the end of injection.

Magnitude distribution

The progressive decrease in the number of earthquakes near the injection points (Figures S14-S20) may also help explain why the b-value is consistently higher after injections than during them (Figure 9f). After injection, a significant proportion of earthquakes are located in the outer stimulated volume. In this region, the fracture system may not be as well developed because of the short stimulation time and lower pore pressure, thus promoting high b-values. This interpretation is also supported by the observation that new volumes tend to be activated after injections (Figures S14-S20).

Growth of the stimulated volume

Earthquake locations also reveal a progressive increase in the size of the total stimulated volume. This is particularly evident when comparing stage 1 with the later stages. In stage 1 seismicity is confined to within 150 m from the injection point. In the remaining stages seismicity can occur at distances greater than 300 m (Figures 4 and5b). The growth of the stimulated volume not only occurs during injection but also post-injection (Figures S17 and S18). Another example of volume expansion is the activation of the Eastern Zone, whose distance from the injection point is less than the maximum distance reached by previous injections. These observations may hint at the presence of low-permeability barriers that are broken after repeated stimulation.

Post-injection seismicity rate

After injection, a given pore pressure drop will have a stronger and more immediate effect on the seismicity rate of a small seismogenic volume compared to a large one. As a result, if the stimulated volume grows, the seismicity rate would decay slower, leading to a higher 𝑐. At Preston New Road, the 𝑐 parameter then appears to be affected by both the increase in size of the total stimulated volume and of the aseismic volume near the injection points.

Magnitude distribution

The progressive growth of the stimulated volume may also explain why in the first five stages the tapered GR gives a better fit than the standard GR law, and why the corner magnitude estimated during injection gradually increases. As suggested by [START_REF] Segall | Injection-induced seismicity: Poroelastic and earthquake nucleation effects[END_REF], the FMD can present a rollover (i.e., an apparent higher b-value for large magnitudes) during the initial phases of injection. As the injection progresses in time, the stimulated volume increases and the system of fractures affected by pore pressure changes becomes larger. This means that larger faults are more likely to be activated, leading to a rollover at larger magnitudes and to a FMD that approaches the Gutenberg-Richter law. A tapered distribution with increasing corner magnitude is also consistent with the model proposed by [START_REF] Shapiro | Probability of inducing given-magnitude earthquakes by perturbing finite volumes of rocks[END_REF], who showed that the lack of large events could result from the rupture of faults that lie completely within the stimulated volume. However, it has to be noted that the rupture size of the earthquakes (on the order of a few meters for magnitudes between 0 and 1, assuming a shear slip process) [START_REF] Kanamori | Theoretical basis of some empirical relations in seismology[END_REF][START_REF] Kanamori | The physics of earthquakes[END_REF] is much smaller than the size of the stimulated volume (on the order of hundreds of meters). This observation suggests the absence of large preexisting fracture systems within the volume stimulated during the injections.

It is also important to note that, according to [START_REF] Segall | Injection-induced seismicity: Poroelastic and earthquake nucleation effects[END_REF], the progressive expansion of the stimulated volume should not only cause a progressive increase in the corner magnitude during the injections, but also a decrease of the b-value.

Nevertheless, we observe no clear indication of this pattern (Figure 9f). The lack of a clear decrease in b-value may be linked to the use of a tapered FMD, as its use helps not to overestimate the b-value. Indeed, higher b-values would be obtained in early stages by using the standard GR law, especially if combined with a high magnitude of completeness. Finally, the relative increase in volume between stages may not be large enough to produce an observable change in b-value.

Effect of local heterogeneities on seismicity rate and FMD

We have explained how the observed changes in seismicity rate and FMD may arise from a combination of volume growth and decreased seismic activity near the injection points. However, these patterns may also be influenced by local heterogeneities as suggested by the changes in seismicity following the activation of the Western and Eastern Zones in addition to the Central Zone.

Western Zone

The Western Zone became seismically active mainly during the third injection (Figure S9) and after the second injection (Figure S15), generating large peaks of seismicity (Figures 9b and9c). This zone is also characterized by a substantial lack of large events. For this reason, it may contribute to the high b-values observed both during the third injection and after the second injection (Figure 9f). The seismicity rate after the second injection could also have been influenced by poroelastic stress changes. Indeed, an increase of seismicity immediately following an abrupt shut-in is predicted by poroelastic models [START_REF] Segall | Injection-induced seismicity: Poroelastic and earthquake nucleation effects[END_REF][START_REF] Chang | Seismicity Rate Surge on Faults after Shut-in: Poroelastic Response to Fluid Injection[END_REF]. The intensity of the increase depends on local conditions, such as the presence of favorably oriented fractures [START_REF] Segall | Injection-induced seismicity: Poroelastic and earthquake nucleation effects[END_REF].

Eastern Zone

The Eastern Zone hosts most of the seismic activity after the sixth and seventh injection. Stages 6 and 7 differ from all other stages in that they have the lowest 𝑝-value (Figure 10). Moreover, even though stages 6 and 7 differ from each other in terms of injection rate, duration, and injection pressure (Figures 8b and8c), they have a similar 𝑝, suggesting that the injection parameters are not the primary factors controlling 𝑝. According to [START_REF] Langenbruch | Decay rate of fluid-induced seismicity after termination of reservoir stimulations[END_REF], the decay of seismicity after injection may depend on the properties of the medium, such as minimum criticality value and diffusivity. The Eastern Zone may therefore represent a region where rocks have different physical properties than the rocks in the Central and Western Zones.

Another peculiarity of stages 6 and 7 is that, instead of showing a tapered FMD, they present more large events than expected by the Gutenberg-Richter law. This excess of large events is associated with the presence of larger earthquakes in the southern part of the Eastern Zone (Figure S27) and may indicate that, along with the system of fractures, the injected fluids activate preexisting faults [START_REF] Igonin | Bilinear Magnitude-Frequency Distributions and Characteristic Earthquakes During Hydraulic Fracturing[END_REF]. This interpretation for the PNR-2 seismicity was also proposed by Kettlety et al. (2021). The presence of pre-existing faults in the Eastern Zone is suggested by the aftershocks of the largest event, which highlight the presence, in the southern part of the cluster, of a fault with a strike that differs from the orientation of the Central and Western Zones (Kettlety and Verdon, 2021). Another point of view is offered by the model of [START_REF] Shapiro | Probability of inducing given-magnitude earthquakes by perturbing finite volumes of rocks[END_REF]. This model treats the stimulated volumes as finite and assumes that rupture along a surface depends on the geometric relation between the rupture surface and the stimulated volume. More specifically, the rupture surface may lie entirely or only partially within the stimulated volume. In the former case the generated events are called induced, and in the latter case, triggered. According to this model, a seismic sequence dominated by induced events would be characterized by an under-representation of large events, similar to that observed from stage 1 to 5. On the other hand, a seismic sequence that also includes triggered events may exhibit an over-representation of larger events, as seen in stages 6 and 7.

CONCLUSIONS

The HF operations at PNR-2 consisted of seven injection stages characterized by closely-spaced injection points, with each having similar injection rate and duration. The analysis of the spatio-temporal evolution of microseismic event hypocenters indicates that early stages (1-5) induced seismicity mainly in a region centered around the corresponding injection points (the Central Zone). However, the total stimulated volume progressively increased in size with each injection. At the same time, the region that was repeatedly stimulated by the injections (i.e., near the injection points) gradually became less seismogenic. This latter observation is evidence that the medium has a memory of the previously reached maximum stress (Kaiser effect), although it may also result, in part, from the injection of proppant, whose role is to keep the fracture systems open.

We have studied the seismicity rate by analyzing separately the periods during and after injection. During injection, a peak of seismicity can be observed. This peak is delayed and loses intensity with each stage. After injection, the decay of the seismicity rate can be approximated by the Omori-Utsu law, and the time delay before the power-law decay (𝑐) gradually increases. We suggest that the aforementioned patterns are related to the presence of an aseismic volume in the vicinity of the wellbore. As such, pore pressure changes would have to travel through this aseismic volume before reaching the seismogenic region. Therefore, if the aseismic volume gradually expands due to the Kaiser effect, the occurrence of the seismicity peak would be progressively delayed. Additionally, the progressive expansion of the stimulated volume may also contribute to the increase in 𝑐, as a given pore pressure drop caused by the shut-in would have a more immediate impact on the seismicity rate of a smaller volume compared to a larger one.

During the first five stages, the FMDs are well fitted by a tapered GR, and the corner magnitude progressively increases with each injection. The presence of a finite stimulated volume that progressively increases in size may again be invoked to explain these observations, in accordance with the models of [START_REF] Segall | Injection-induced seismicity: Poroelastic and earthquake nucleation effects[END_REF] and [START_REF] Shapiro | Probability of inducing given-magnitude earthquakes by perturbing finite volumes of rocks[END_REF]. This study therefore supports the theory that injecting more fluids into the same volume increases the chance of inducing larger earthquakes [START_REF] Mcgarr | Maximum magnitude earthquakes induced by fluid injection[END_REF].

Our observations also indicate that past injection history influences the spatio-temporal distribution of seismicity, and the magnitude distribution of future injections and that, at least for simple injections (e.g., similar injection rate, injection duration, and injection point), these changes can be gradual and be identified from stage to stage. However, a heterogeneous medium (e.g., presence of fault systems with different geometry, local changes in stress state or permeability) may lead to drastic changes in seismic activity over short length scales. This is evidenced at PNR-2 by the activation of clusters (in the Western Zone and Eastern Zone) that were able to significantly influence the seismicity rate and FMD. This is particularly evident during the activation of the Eastern Zone in stages 6 and 7, which is the cluster that would later host the largest event of the sequence (𝑀2.9). The activation of the Eastern Zone was accompanied by a general increase in the seismicity rate, the appearance of FMDs with an excess of large events compared to the GR law, and a decrease in the Omori-Utsulaw parameter 𝑝 (i.e., a slower decay of the seismicity rate). The presence of FMDs where large events are over-represented suggests the activation of large preexisting faults that can extend beyond the stimulated volume [START_REF] Shapiro | Probability of inducing given-magnitude earthquakes by perturbing finite volumes of rocks[END_REF], and as such, they may be a precursor of increased seismic hazard. Similarly, a lower 𝑝 may also be an indicator of increased seismic hazard, as the probability of triggering an event of magnitude greater than a given value is proportional to the seismicity rate [START_REF] Shapiro | Probability of a given-magnitude earthquake induced by a fluid injection[END_REF][START_REF] Shapiro | Fluid-induced seismicity: Pressure diffusion and hydraulic fracturing[END_REF].

This study emphasizes the importance of monitoring seismicity in real time using all available information (such as hypocenters, FMD, and seismicity rate) to gain a better understanding of the evolution of the stimulated volume during hydraulic fracturing operations. This includes its degree of stimulation and expansion, as well as the identification of regions where permeability, stress state, or fault geometry may change. The spatio-temporal patterns of seismicity determined in this study were only observable due to the precise and accurate locations and magnitudes down to a very low magnitude of com-pleteness. This study therefore highlights the value of high-resolution microseismic catalogs the associated instrumentation for monitoring induced seismicity.
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 1 Figure 1. (a) Map view and (b) West-East cross-section showing the location of the downhole sensors and of the injection points (sleeves) used during the hydraulic-fracturing operations at Preston New Road. The twelve downhole sensors were located in the built section of the PNR-1z well. DH12 is the reference sensor used for template matching. The seven sleeves were located in the Upper Bowland formation and were sequentially activated starting from the toe of the well. Northing and easting are expressed in the United Kingdom Ordnance Survey coordinate system (EPSG:27700). Depth is expressed in meters below sea level.
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 2 Figure 2. Location of seismicity during injection. a) Map view, (b) North-South cross-section, and c) East-West cross-section. Filled circles: earthquakes with 𝑀 𝑤 > -1.5 colored and scaled according to their stage and magnitude, respectively. Pink polygons: boundaries of the three main seismogenic regions (Central Zone, Western Zone, and Eastern Zone). Diamonds: locations of the sleeves, colored based on the stage during which they are active. The events shown are part of the original catalog.

Figure 3 .

 3 Figure 3. Location of post-injection seismicity. a) Map view, (b) North-South cross-section, and c) East-West cross-section. Filled circles: earthquakes with 𝑀 𝑤 > -1.5 colored and scaled according to their stage and magnitude, respectively. Pink polygons: boundaries of the three main seismogenic regions (Central Zone, Western Zone, and Eastern Zone). Diamonds: locations of the sleeves, colored based on the stage during which they are active. The events shown are part of the original catalog.

Figure 4 .

 4 Figure 4. Evolution of the distance of the events from the injection point with time, for each of the seven injection stages. The points represent the earthquakes and their color follows the same color code used in Figures2 and 3. The black line represents the injection rate, and the red line a theoretical diffusion front derived using a diffusivity of 2.5 𝑚 2 ∕𝑠. This diffusivity value is in agreement with what found byKettlety and Verdon (2021). The events shown are part of the original catalog.
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 5 Figure 5. Distance of the events from the injection point estimated using a sliding window of 5 minutes shifted every 2 minutes. Each line corresponds to a different stage. (a) 5th-percentile distance. (b) 95th-percentile distance. The dashed line represents a pore pressure diffusion front in a medium with a diffusivity of 2.5 𝑚 2 ∕𝑠.

Figure 6 .

 6 Figure 6. Seismicity rate during hydraulic fracturing operations (15-27 August 2019) estimated before (cyan) and after (orange) template matching. The gray areas represent the injection periods of the seven stages. The seismicity peak on 26 August 2019 occurred after the operations and corresponds to aftershocks of the largest event of the sequence.

Figure 7 .

 7 Figure 7. Comparison between the frequency-magnitude distributions (FMDs) observed during (a), and after (b) the injections. The FMDs are colored according to their stage, while the vertical lines mark the 𝑀 𝑐 of each stage. The b-values are reported in Figure 9f and 𝑀 𝑐 in Figure S22.

Figure 8 .

 8 Figure 8. Comparison between (a) seismicity rate during injection, (b) injection rate, and (c) bottomhole pressure. Each color represents one of the seven injection stages. The seismicity rates in (a) were estimated with adaptive kernel smoothing (𝑛 = 75) and by considering earthquakes with 𝑀 𝑐 > -1.5. The seismicity rate during the injections has at least one peak, which is marked with a star. The black vertical lines in (a), (b), and (c) mark the start time of the injections.

Figure 9 .

 9 Figure 9. Summary of the main parameters estimated during the seven injection stages. (a) Number of events detected during injection (light blue line) and within twenty hours after the end of injection (orange line), together with the total injected volume (black line). (b) Number of events detected during injection in the three main clusters (Central Zone, Western Zone and Eastern Zone). (c) Number of events detected within twenty hours after the end of injection in the three main clusters (Central Zone, Western Zone, and Eastern Zone). (d) Omori-Utsu law parameters (𝑝 and 𝑐). (e) b-values calculated during (light blue line) and after (orange line) injection. (f) Corner magnitude calculated during (light blue line) and after (orange line) injection.

Figure 10 .

 10 Figure 10. Comparison between seismicity rates observed after the end of each injection. Seismicity rates are estimated using adaptive kernel smoothing (𝑛 = 20) and are colored based on the stage number. The smooth curves represent the Omori-Utsu law fits for each stage. The seismicity rate of each stage is normalized by the maximum value of the Omori-Utsu law fit. For reference, the gray line represents an Omori-Utsu law with 𝑝 = 1.
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DATA AND RESOURCES

Seismograms used in this study are proprietary and cannot be released to the public, but can be requested from the (UK) National Geoscience Data Centre (https://webapps.bgs.ac.uk/services/ngdc/accessions/index.html, last accessed September 2023). The real time seismic catalog created by the operator and the pumping data are available at https://webapps.bgs.ac.uk/services/ngdc/accessions/index.html?simpleText=Preston%20New%20Road. The template matching catalog created for this study is available on Zenodo at 10.5281/zenodo.7981222. Template matching was carried out with Seismatch version 0.7.6, available on GitLab https://gitlab.seismo.ethz.ch/microEQ/TM and licensed under GNU GPLv3. The Supplemental Material contains additional figures that provide more information about the spatio-temporal evolution of the seismicity and the data used to create the template matching catalog.
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