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Abstract 
 
Hydraulic fracturing and fluid injection can cause induced seismicity. One of the prerequisites of fault 
activation is a mechanism by which pore pressure perturbation or stress (or a combination of the two) 
reaches the fault. In this abstract, we show data from the Fox Creek, Alberta region with strong evidence 
for pre-existing fracture networks. This experiment, dubbed the Tony Creek dual Microseismic Experiment 
(ToC2ME), contains several events over MW 2.0, and shows high-resolution fault activation. Seismic 
anisotropy derived from induced events was used to determine the direction of a pre-existing fracture 
network, which is attributed to be the main conduit by which fault activation was triggered. Pore pressure 
modelling shows that the delay times between injection and activation are consistent with the time 
necessary for a sufficiently significant pore pressure perturbation to reach the main fault features.   
 
Statement of the background 
 
Cases of induced seismicity and fault activation due to hydraulic fracturing are now widely documented 
(e.g., Atkinson et al., 2016; Bao and Eaton, 2016). In each case, a key question is the mechanisms of fault 
activation. Commonly, pore pressure diffusion is invoked to explain how elevated pore pressures were able 
to push a fault to failure. For this mechanism to be valid, there needs to be an assumed permeable pathway 
that allows for the transfer of pore pressure. Understanding and identifying these permeable pathways is 
critical, as they change the potential distance that the pore pressure perturbations can travel, thereby 
changing the distance at which a fault can be triggered. The hydraulic fracturing data we show is for case 
studies with magnitudes up to MW 4.2 being observed and attributed directly to the hydraulic fracturing.  
 
Aims and Objectives 
 
Using dense array data from the Fox Creek, Alberta region, we aim to show that: 

1) There are fracture networks that can be highlighted with microseismic events; 
2) The timing between hydraulic fracturing and fault activation is consistent with pore pressure 

diffusion; 
3) Anisotropy analysis can be used to confirm the presence of fracture networks. 
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Methods 
 
The case study presented here is from the Fox Creek, Alberta, Canada region. The target formation is the 
Devonian age Duvernay, an organic-rich shale at approximately 3500 m depth. It is a relatively thin target, 
30-70 m thick. The Duvernay Formation is overlain by the Ireton formation, which is a shale/carbonate unit 
with no oil/gas content. Underneath the Duvernay Formation is the Beaver Hill Lake carbonate. Of note, 
regional N/S trending faults can be mapped on the Beaver Hill Lake horizon and the faults are thought to 
extend up into the Ireton Formation. Additionally, the Duvernay is highly overpressured.  
 
We use microseismic processing techniques to detect, locate, and analyze tens of thousands of 
microseismic events that occurred during hydraulic fracturing in this region. There have been a handful of 
MW > 4 events associated with hydraulic fracturing in this region, and there is a traffic light protocol in place 
that requires passive seismic monitoring of all of the well pads.  
 
Results and discussion 
 
Microseismic Observations 
 
Figure 1 shows some microseismic data from two hydraulic fracturing pads in the Fox Creek, Alberta region. 
The white dashed arrows indicate key trends to pay attention to. In the following, we describe 3 key 
observations from the microseismic that lead us to believe that we are observing fracture networks.  
 
Observation 1: Consistent direction of lineaments across the region. In Figure 1a, the white dashed lines 
follow 30 degree features that are across the entire well pad. The SHmax direction (and therefore the 
direction of expected fracture growth) is 45-60 degrees, while the NE/SW clusters are all at 30 degrees. 
The N/S trending feature west of the wells is associated with fault activation on a mapped fault. Considering 
the distance of 500-900 m from the well to this fault, the pathway by which fluid pressure reaches the fault 
is of great interest.  
 
Observation 2: b values. Looking at earthquake data also allows us to take advantage of statistical 
relationships commonly used in seismology, such as the Gutenberg-Richter relationship (Gutenberg and 
Richter, 1944), which is given by 𝑙𝑜𝑔(𝑁) = 	𝑎 − 𝑏𝑀, where N is the number of events, a is the a value, b is 
the b value, and M is the magnitude. This relationship is generally used to get the b value. For hydraulic 
fracturing, the b value is usually 2 and for fault activation the b value is closer to 1.  
 
In Figure 1a, the NE/SW trending features have a b value of 1.5 to 2.5, while the N/S trending features have 
b values of 1 (Igonin et al., 2018). Since the orientation of the features is not along SHmax, we know it is 
not hydraulic fracturing related. Therefore, the high b value shows that the clusters are stratigraphically 
limited and are not related to fault activation. Therefore, this appears to be the behavior of microseismicity 
on a natural fracture network that is stratigraphically bounded. Figure 1b and c show similar behavior.  
 
Observation 3: Depth distribution. Another strong indicator that the NE/SE features are a pre-existing 
fracture network is the depth distribution. For the pad in Figure 1a and the pad in Figure 1b-c, the depths 
of the events on the 30 degree features are in the overlying Ireton formation, and not the targeted Duvernay 
Formation. This suggests some form of connectivity between the Duvernay Formation and the Ireton 
Formation. We propose that hydraulic fracturing in the relatively narrow Duvernay Formation creates the 
connection for the fluid pressure to escape into the Ireton Formation. From there, once the connection is 
established, the pressure perturbation travels along the pre-existing fracture networks until it reaches a 
fault. This is further supported by the fact that the depths of the events along the N/S faults in both pads 
are also in the Ireton Formation.  
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Figure 1: Map views of a two different microseismic datasets from hydraulic fracturing. White lines are well trajectories, and coloured circles are 
events over time, scaled by magnitude. The largest circles are events of MW 2.0 and greater. (a) Data from ToC2ME, (b)-(c) data from another 
hydraulic fracturing dataset in the same region.   
 
Timing 
 
The timing of when the hydraulic fracturing occurred compared to when activity was observed on faults or 
distant features is important to help distinguish the main mechanism by which induced seismicity is caused. 
In Figure 1b, in a matter of a day or so, hydraulic fracturing on the southernmost well appears to be linked 
with activity about 1 km away, and the vertical white arrow shows events along an inferred N/S fault.  
 
For the pad in Figure 1a, one of the trends was that there was a delay time between stages along the 
second well from the west and activity along the main N/S fault. The stage associated with fault activation 
can be found by tracing up from the N/S fault along 30-degree lines up to the well. There were 4 distinct 
times when stages along the well triggered activity both on the parallel fracture networks and on the fault. 
The delay time was 40-100 hours in each case.  Based on this delay time, and the distance of about 1 km 
between the well and the fault, it is plausible that pore pressure diffusion is the driving mechanism. This is 
explored further in a later section.  
 
Anisotropy analysis 
 
Another way to see if there truly is a fracture network is to look at the seismic anisotropy from the 
microseismic events. Since the Duvernay Formation (and to some extent the Ireton Formation) is highly 
anisotropic (Ong et al., 2015), the microseismic events exhibit shear wave splitting (SWS). By measuring 
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the strength and direction of the SWS, insight can be gleaned about the stress state and if there are any 
large structural features that might effect the direction of anisotropy.  
 
Figure 2 shows the results of the analysis for the pad in Figure 1a. The map shows the anisotropy for this 
dataset in the form of a rose diagram at each receiver location, showing the fast S-wave orientations derived 
from the 300 largest events (shown by the moment tensors). There is a good consistency between the 
stations, and the direction of anisotropy about the wells is 30 degrees. This matches directly with the 
direction of the proposed fracture networks, which means the fracture network is pervasive and consistent 
enough to effect the SWS of the events.  
 

 
Figure 2: Map view of anisotropy observed using S-wave splitting analysis. Fast S-wave directions are plotted as rose diagrams at each station and 
focal mechanisms for the 100 largest events are shown at their respective event locations. Background contours show the depth structure (in TVD) 
of the top of the Beaverhill Lake Group, based on 3-D seismic data.  
 
Pore pressure modelling 
 
With some observations suggesting that these pre-existing fracture networks do indeed exist, it is important 
to then show that it would be possible to transfer sufficiently high pore pressure perturbations at large 
distances (1 km) that would be enough to trigger activity on a fault.  
 
Figure 3 shows the results of some pore pressure modelling with this goal in mind. The vertical red dashed 
lines in Figure 3b are the observed delay times from the first pad, and the grey bars are eleven hydraulic 
fracturing stages. The green lines indicate the change in pore pressure at the fault 1 km away given different 
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permeabilities. If we assume that it takes about ~0.2 MPa to trigger fault activation, the permeabilities that 
match are on the order of 100-250 mD. Pore pressure modelling itself holds many assumptions and 
simplifications, so we do not emphasize the values themselves, but maintain that they should be accurate 
within an order of magnitude or so. Therefore, the pore pressure modelling shows that it is fully possible for 
sufficient pore pressure perturbation to reach a fault via the pre-existing fracture networks in the Ireton 
Formation.  

 
Figure 3: Results from pore pressure modelling. a) Model set-up for hydraulic fractures and fracture corridor. The fault is at the end of the corridor, 
1 km away from the hydraulic fracturing stages; b) comparison of pore pressure perturbations obtained using different permeabilities for the fracture 
network. Grey bars are hydraulic fracturing stages, and vertical red lines are observed fault activation times.  
 
Discussion 
 
In this abstract, we show a hydraulic fracturing dataset with fault activation that was caused by pore 
pressure increase travelling along pre-existing fracture networks. Other datasets (not shown here) also 
have similar behavior, which leads to the conclusion that these fracture networks appear to be widespread 
in the basin. The implication of this is that pore pressure perturbation may travel larger distances than would 
otherwise be expected. Indeed, this is likely a key factor for why the Fox Creek area is so prone to induced 
seismicity, with events up to MW 4.2 being observed.   
 
A key question is whether there is additional evidence that it is possible to have moderately high 
permeability pathways in the Ireton Formation. Although these permeabilities are several orders of 
magnitude larger than the matrix permeability, laboratory tests of the permeability of unpropped fractures 
in the Montney formation of Alberta, Canada, yield even larger fracture permeabilities on the order of 1-3 
Darcies (Ghanizadeh et al., 2015).  
 
A detailed description of the dataset, microseismic processing and the modelling parameters can be found 
at the Earth and Space Science Open Archive (ESSOAr) (Igonin et al., 2019).   
 
Conclusions 
 
Using data from the Fox Creek, Alberta region we have shown that microseismic events can be used to 
reveal the presence of a pre-existing fracture network. Map-view observations, depth differences, b value 
calculations and anisotropy analysis can be used to further help in determining if lineaments are fracture 
networks rather than hydraulic fractures or faults. Finally, pore pressure modelling and comparison with 
laboratory samples can be used to validate the inferred permeabilities from microseismic events.  
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