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Abstract 

Common approaches based on event locations have not been able to effectively identify the connected volume 
leading to production. Utilizing the collective statistical behavior of seismicity, including their source 
characteristics, the underlying dynamic response of the reservoir through their spatial-temporal interaction during 
stimulation can be identified. We have successfully been able to descriptively identify the role of interacting rock 
properties, fracture state, and stress state, and how they can be used to construct reservoir descriptions that specify 
where flow and production volumes are most likely to be located relative to the treatment wellbore. By utilizing 
production data for a multi-well pad program in the Duvernay formation, a calibration of the dynamic parameters 
with RTA has been established which reduces the uncertainty of possible reservoir descriptions for model-based 
production forecasting. The synchronization of these data, coupled with production logs, geologic information, and 
fracture state, lead to an understanding of the effective, non-uniform fracture properties across the lateral of a 
horizontal well. The coupling of these techniques demonstrates a practical and transparent approach to enhancing 
reservoir characterization and improving decisions for field development design and adaptations to in-field 
stimulations in near real-time. A workflow for production and microseismic data integration is presented. The case 
studied examined provides definitive locations of stimulated reservoir volume (SRV) from dynamic parameter 
analysis (DPA), which corroborates the observed well performance data behavior; namely well interference effects 
and relative performance differences between wells. 

Introduction 

The challenges associated with assessing the effectiveness of a stimulation program in unconventional plays are well 
described in the literature (Cipolla et al. 2009 and Cipolla et al. 2011). Complexities due to well-developed pre-
existing fracture networks and their behavior during injection has in recent years been addressed by considering the 
microseismic response to the stimulation program. In many ways microseismicity has been considered to provide 
insight into frac growth and extent, however the simplified view that event distributions are representative of a 
producing volume has been rebuked by many studies (e.g. Urbancic and  Baig, 2013, Huang et al., 2014). The 
distribution of microseismic events has been shown to be more of an estimate of the maximum potential producible 
volume for modeling purposes rather than actual productive volume. 

As an initial approximation, the occurrence of microseismic events does represent an indication where injection 
related changes have occurred within the reservoir. However, the distribution of events can lead to inaccurate 
interpretations due to recording biases associated with most downhole monitoring configurations; more specifically, 
small magnitude events that are not explicitly removed. Similarly, surface based monitoring configurations have 
their own inherent built-in biases, and in many instances, detectability is a challenge.  For downhole datasets, as 
considered here, instituting a reference magnitude threshold approach, a well-defined volume or temporal window 
can be used to provide an unbiased view of a stimulation. 
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Assuming biases have been removed from a data set, there is still an underlying problem with approaches focusing 
solely on event distributions or density. Each event poses characteristics of failure associated with crack 
development as well as the volume of rock containing the crack itself, something not captured by just considering 
event locations. Urbancic et al. (2015) suggested that the behavioral states of the reservoir can be identified by 
considering microseismicity as flow, much like stress or fluid flow, and that the microseismic events and their 
characteristics can be used to identify the underlying dynamic response of the reservoir through their spatial-
temporal interaction during stimulation. By considering the collective dynamic behavior of microseismicity, 
including attributes such as seismic deformation and seismic energy release, they suggested that such a 
parameterization can be used to construct reservoir descriptions that specify where productive volumes are most 
likely to be located, and, by utilizing these behavioral states, it may be possible to identify the potentially producing 
volumes.  
 
Rate Transient Analysis (RTA) has been used for decades to assess the magnitude of the stimulated reservoir 
volume (SRV), but not its distribution around the wellbore. The advantage of incorporating microseismicity insights 
therefore can be easily understood, as it potentially can provide geometric constraint on frac development around the 
treatment well. Our study, which is focused on the Duvernay formation, identified a set of microseismic-derived 
dynamic behaviors that were captured from downhole monitoring arrays. Interpretation of microseismic data 
through the lens of dynamic parameter analysis (DPA) provides a detailed understanding of the likely location of 
SRV, with its three-dimensional location presented as an isosurface. The isosurface is then used by the reservoir 
engineer to create a simple, yet enhanced reservoir description for production modeling. In this paper, we describe 
the process of coupling these techniques and demonstrate a practical and transparent approach to enhancing 
reservoir characterization and for improving decisions in field development design. 
 
Site description 
 
The Duvernay formation is a siliceous, calcareous, organic-rich Devonian-aged mudstone in the Alberta 
Basin. According to the U.S. Energy Information Administration (2015), this resource play holds a recoverable 
reserve estimate of over 4 billion barrels of oil and 113 TCF of gas. Apache’s well spacing test discussed in this 
study is located in the Greater Kaybob Area and targeted a 40-50m thick Duvernay package. The spacing test 
utilized seven single section long laterals with uniform stage spacing and pump design to test eight and six 
well/section spacing on the east and west halves of the pad respectively. A single vertical pilot well was drilled in 
the center of the section to collect logs, core, and act as a downhole microseismic monitor.  Apache’s wells were 
given short phonetic alphabetical call names to assist in quick identification in field operations, and we use the same 
naming scheme in this work.  The wells are called Alpha to Golf across the section from west to east.  The wells 
discussed in this study are the central wells on the pad—Delta, Echo, and Foxtrot. Operationally, the wells were 
completed in a ‘Flying-V’ pattern, rotating active wellbores to frac outside-in and toe-to-heel as demonstrated by the 
cumulative stage number contour lines in Figure 1. This pattern was designed to accomplish several goals: first to 
maintain frac optionality (multiple wells available to frac if screen-outs occurred), secondly as a pre-emptive 
measure to mitigate induced seismicity (Magnitudes - M > 0), and lastly to allow for as many stages as possible to 
be monitored by the central vertical well through unbroken rock. 
 

 
Figure 1:  Plan view of the seven well pad completed with ‘Flying V’ pattern with contours representing stage number 

Delta Echo Foxtrot
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Part 1: Rate transient analysis (RTA)  
 
1.1 Stand-alone RTA methodology 
 
Rate transient analysis (RTA) is used to understand dominant drive mechanisms and characterize dynamic reservoir 
and completion parameters in a producing well, based on detailed analysis of rate and pressure. The RTA performed 
in this study includes diagnostic plots, which yield bulk reservoir parameters for Delta, Echo and Foxtrot. The bulk 
interpretations are validated with a history match of the well performance data, based on representative reservoir 
models. The models are then used to forecast future production under assumed operating conditions. The detailed 
modeling and forecasting was only performed for Echo. A more comprehensive summary of standard RTA 
techniques, models and conventional workflow is presented by Anderson and Mattar (2003) and the methodology 
for evaluation of shale wells used here is explained in detail by Anderson et al. (2010). 
 
Quantifying the SRV 
 
In an ultra-tight reservoir such as the Duvernay, it is expected that the vast majority of well productivity and 
reserves comes from the SRV. RTA can be used to quantify the SRV, in terms of both its connected hydrocarbon 
pore volume (OGIP) and its effective connected fracture area (𝐴 𝑘). This is achieved using two straight-line 
diagnostic plots- the Flowing Material Balance (Mattar and Anderson, 2005) and the Linear Flow Specialized plot. 
This diagnostic analysis was performed on the Delta, Echo and Foxtrot wells. 
 
Dynamic Reservoir Modeling and History Matching – Echo Well 
 
The bulk parameters of OGIP and 𝐴 𝑘 can be used to construct a physical reservoir model that consists of multiple 
transverse hydraulic fractures, each surrounded by an enhanced fracture region (EFR). This model was developed by 
Stalgorova and Mattar (2012). The enhanced fracture region represents rock whose effective permeability has been 
enhanced through the activation of connected fractures and/or fissures, or through shear rock deformation in the 
immediate vicinity of the primary hydraulic fractures. The total hydrocarbon pore volume contained within the sum 
of all enhanced fracture regions is equal to the SRV, and thus is a constraint in the model. What RTA cannot tell us 
directly is how this SRV is distributed around the wellbore. To make the problem somewhat more manageable, we 
assume uniform and symmetrical EFRs for each stage. However, we still don’t have unique results for fracture half-
length (xf), fracture height (h) and EFR width (xi). As we will see later, microseismic (dynamic parameters) analysis 
will help provide some clarity on these parameters. For the stand-alone RTA approach, we generally assume that the 
EFR width (xi) fills the entire gap between stages. This assumption represents the shortest possible fracture half-
length but with a highly stimulated near wellbore region. Since RTA cannot tell us the true fracture length (it is non-
unique), analysts will often employ a probabilistic technique for fracture characterization, which helps to quantify 
the uncertainty in interpretation. To keep things simple, we did not do that in this study. 
 
 

 
 

Figure 2:  Enhanced fracture region model (Stalgorova and Mattar, 2012) 
 

 
The treatment of permeability in the modeling and history matching exercise usually requires an external constraint 
such as a core analysis and/or DFIT (diagnostic fracture injection test). These data will be used to constrain the 
matrix permeability (k2), to within an acceptable range (typically within a specific order of magnitude). The 
permeability in the EFR (SRV) is usually a history matching parameter, and has no external constraint. Since the 
play of interest is the Duvernay, which contains gas and liquids, multi-phase flow is expected as condensates drop 
out of the reservoir. Therefore, the EFR model engine is numerical (finite-difference). The PVT behavior is handled 
using a modified black-oil model (Ovalle et al. 2007). 
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1.2 Results – Stand-alone approach 
 
Diagnostic Analysis 
 
The diagnostic analysis results for Delta, Echo and Foxtrot are shown in Figures 3 and 4. Figure 3 compares the 
Linear Flow Specialized analysis among the three wells, indicating that the Delta well has superior connected 
fracture area (assuming the same matrix permeability across the well pad). Echo and Foxtrot appear to have similar 
connected fracture areas. All three wells demonstrate upward concavity, suggesting that the wells have transitioned 
from early linear flow into transitional or pseudo-boundary dominated flow. 
 

 

  
Figure 3:  Linear flow specialized analysis results 
 

 
Figure 4 compares the FMB analysis among the three wells. Not surprisingly, Delta also demonstrates a larger SRV 
than Echo or Foxtrot (whose SRVs are similar in size). 
 
 

 
Figure 4:  Flowing material balance analysis results 
 

 
Echo Well – History Match and Forecast 
 
Figure 5 shows the model history match with constrained and interpreted parameters. The model was constrained to 
matrix permeability in the 10-100 nanodarcy range, based on core/DFIT data in the region. As per the standard 
(stand-alone) RTA procedure, fracture height was constrained to total net pay thickness, and EFR region width was 
set to the maximum possible (inter-stage spacing). It is worth noting that a history match that honors these 
constraints is not always achievable. However, in this example, the constraints allowed for a satisfactory match, 
after adjusting k1 and the apparent fracture conductivity (FCD) values. Total drainage volume for the well is limited 
by lateral no-flow boundaries (based on 660 ft well spacing) and by the fracture height constraint. This represents a 
total OGIP of 4.5 bcf. Since Echo’s SRV is only 1.2 bcf, RTA reveals that only ~25% of the total drainage volume 
was stimulated. 
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Figure 5:  History match and parameters for Echo model 
 

 
It is useful to test the sensitivity of Echo’s well performance and long-term recovery to well spacing. The long-term 
forecasts for the base model and a reduced spacing model (double the well density) are shown in Figure 6. 
Inspection of the forecasts would suggest that there is only negligible reduction in gas recovery over the first 10 
years. This is not surprising because the matrix permeability is so low that unstimulated reservoir rock has very little 
economic value. 
 
 

 
Figure 6:  Cumulative gas recovery (10 years) for 660 ft and 330 ft well spacing based on stand-alone RTA model 
 

 
 
Part 2: Collective Behavior of Seismicity 
 
2.1 Dynamic parameter analysis (DPA) - background 
 
It is well understood that many small microseismic events occurring in close proximity and time to each other lead 
to finite and macroscopic deformation. The variations on the macroscopic properties of the system can be extracted 
by analyzing the temporal and spatial growth of events within a volume. As such, this analysis moves beyond the 
conventional static microseismic interpretations of examining distributions of event locations to reveal processes 
that play important roles in the dynamic expansion of a fracture network, such as changes in the strain and stress 
regimes. 
 
In general, during a hydraulic stimulation, high pressure water injection generates stress gradients, which the rock 
mass responds to by means of energy, momentum and mass transport to reduce and transfer stresses. A seismic 
event is seen as a dissipative process that radiates seismic waves which contains information about the in-situ 
deformation. The amplitude and frequency of seismic waves radiated from seismic event depend, in general, on the 
strength and state of stress of the rock, the size of the source of seismic radiation, and on the magnitude and the rate 
at which the rock is deformed during the fracturing process. In general terms, an increase in deformation rate leads 
to an increase in seismic radiation and the seismic radiation of seismic events in a volume which leads to changes in 
the strain and stress regime. 
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To analyze the temporal and spatial growth of events within a volume clusters of seismic events are formed using 
two approaches: spatial sampling and spatio-temporal sampling based on a number of events and time differences 
between these events, as selected based on the characteristic space and time scales associated with the processes 
under study.  To measure the variations on the macroscopic properties of the system several parameters are 
estimated for each cluster of microseismic events, such as the statistical properties of coseismic deformation and 
associated changes in the strain rate, and the stress and rheology of the process (see Figure 7 for a conceptual 
illustration of the clustering process). Specifically, we consider the time between events, volume encompassing 
these events, distance between events, time span, radiated energy, seismic moment, and density. 
 

                 

                            
 

Figure 7:  Conceptual motivation behind the clustering of microseismicity. (upper left) the behavior of a single rupture on a crack surface vs the 
collective behavior of different rupture processes which allows for a collective assessment of the deformation process. (upper right) in the context 
of hydraulic fracturing causing slip on several fractures in the subsurface, the collective behavior of different events may be similarly assessed. 
(lower left) the clustering of microseismic events relies on choices between imposing a time scale or not. (lower right) the clusters associated with 
a stage of hydraulic fracturing are displayed as semi-transparent ellipsoids encompassing the microseismic events displayed as dots. 
 

 
Utilizing this approach, three different behavioral identifiers (the dynamic parameters) can be established: Plasticity 
Index (PI), Stress Index (SI), and Diffusion Index (DI). A fourth identifier can also be considered, namely the 
linearized combination of the three indices, referred to as Ternary Index (TI). TI is a collective weighting of the 
importance of the three individual indices in the observed response of the rock mass to injection.   
 
Plasticity Index is used to identify volumes of rock softened by seismic activity, akin to the deformability of the 
rock.  By tracking the evolution of the PI gives information on the relative weight of elastic to anelastic deformation 
as the stimulation progresses. As such, a low PI means the rock volume has a dominant elastic behaviour and has not 
suffered large anelastic deformation. That is, most of the seismic event energy is spent in radiation and less is spent 
in inelastic deformation processes. Event clusters defining larger volumes are also characterized by lower PI, as the 
microseismicity is more diffuse and the anelastic deformation is not spatially concentrated.  In an opposite sense, 
high PI clusters define rock that is easily deformable, generally related to an increase in crack complexity and or 
changes in material rock properties. 
 
Stress Index measures the spatio-temporal ability of stress to be transferred within the rock volume through 
cracking.  In other words, it defines the critical state of stress within the volume and the resultant fracturing that 
ensues. As such, a lower SI indicates that the transfer of stress is more unstable and localized whereas a higher SI 
would indicate a less complex and further reaching stress transfer mechanism. In essence, rock volumes with 
localized complex fracture networks provide easier pathways to dissipate stress than a widely defined fracture 
network that requires a significant increase in load before failure is initiated. In the former case, low SI volumes 
potentially are characteristic of fluid-induced seismicity and tend to be localized in time and space and radiate low 
energy whereas high SI events would be more characteristic of stress triggered seismicity on optimally oriented 
fractures that occur at large inter-event times and distances and radiate high energy. 
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Diffusion Index measures the diffusion of the seismicity throughout a reservoir. It can be used to quantify the 
magnitude, direction and velocity of the migration of seismic activity and the associated transfer of stresses in space 
and time. Generally, DI relates the distance between consecutive seismic events with the timing of the events and 
tends to migrate in space along different stress gradients. Low DI would represent seismic activity that occur close 
together in space, with large inter-event times whereas high DI would be related to events that occur in space over 
large inter-event distances and/or over short inter-event time intervals. It can be suggested that DI characterizes fluid 
deformation as opposed to stress-driven seismicity. 
 

                
 

Figure 8:  a) contrast of behavior of low PI (left) where large driving stresses result in low deformation and high PI (right) where the converse is 
true; b) similar comparison of low SI (left), where events are clustered in space and not radiating much energy and high SI (right) where the 
events are more spatially dispersed and radiating more energy; c) and finally a contrast in low DI (left) where events do not migrate from a region 
but persist over a long time and high DI (right) where events are able to diffuse rapidly over large distances, d) the competition of these three 
parameters are displayed on a ternary plot. 
 

 
As shown in Figure 8, the behavioral state of the rock mass can be well represented on ternary diagrams. In this 
manner, the importance of deformability versus stress state and the diffusivity of the processes as related to the 
injection, can be mapped. In general, the combination of PI, SI and DI can be used to categorize fluid driven versus 
stress driven processes. Based on this approach, a Ternary Index (TI) is defined to represent the combined rock mass 
behavior based on the individual dynamic parameters. In general, high TI values would represent a behavioral state 
where PI is high, SI and DI are low, as illustrated conceptually in Figure 9. This would be akin to the volume 
generated by fluid injection, and calibration based on production data, allows for estimates of producing volumes to 
be defined. The dimensions of these volumes can be used in the RTA calibration process that further allows for an 
interpretive investigation of frac response to occur, further leading to predictive behavior going forward.  
 
Part 3. Integration of RTA and DPA 
 
3.1. Workflow 
 
Using a similar approach to Suliman et al. (2013), RTA was used to set bounds for MS-derived SRV location. 
Suliman et al. state that ‘dealing with MS event data as a cloud and not as single dots can substantially increase the 
accuracy of drawing boundaries between the different SRV regions’. It is our belief that MS event clouds alone are 
insufficient for understanding where the productive SRV is likely to be located, as it does not specifically identify 
areas of efficient generation of coseismic deformation. It has been demonstrated that such areas are most likely to be 
the most productive regions in a hydraulically fractured reservoir (Urbancic et al. 2016). 
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Figure 9:  A simplistic cartoon of seismicity associated with a hydraulic fracture, where events are occurring on a pre-exisiting fracture network, 
either induced by fluid (where the blue colors indicate the penetration of high-pressure fluid) or by stress (indicated simply by the double-headed 
red arrow).  The microseismic events are displayed as red dots with green halos indicated the relative amounts of radiation.  The left ternary plot 
is indicative of fluid-induced seismicity, whereas the right ternary plot represents stress-triggered behavior. 
 
 
 
 

		 	
 

Figure 10:  (left) Plan (top) and gun barrel cross-sectional views (bottom) of microseismic events color- and size-scaled by magnitude for the 
(furthest left) Delta, (middle) Echo, and (right) Foxtrot wells. The fracture azimuths (right) for each stage are displayed on rosette plots and 
compared to the regional estimate of SHmax (blue arrow). 
 
 
The microseismic events associated with Delta, Echo and Foxtrot are as shown in plan and cross-sectional views in 
Figure 10. Figure 10 (rosette diagrams) also shows that the orientation of each frac stage is in-line with SHmax in the 
region. The event distributions are quite wide spread, suggesting from an initial interpretive viewpoint that there is 
significant overlap between stages and wells. Utilizing the dynamic parameter based clustering, the events are 
grouped to define an overall ranking of deformation around the treatment well.  The observed clusters are shown on 
Ternary diagrams in Figure 11, along with a cutoff in Ternary index based on production calibrated RTA volumes. 
Utilizing RTA constrained volumes fracture lengths are obtained for both event distribution and TI values as 
determined from the Ternary diagram cutoff’s for the Echo well as shown in Figure 12.  
 

Delta Echo Foxtrot 
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Figure 11:  The ternary event clusters for the Delta, Echo and Foxtrot wells with the TI cutoffs noted.  We note consistency in the TI cutoff lines 
between plots. Clusters to the left of the cutoff line are considered to represent the generation of productive stimulated reservoir volume. 

 

     

 
 

Figure 12:  (top set of figures) contrast between the total event distribution (furthest left) and the event distribution constrained by RTA (middle) 
with estimates of the different fracture lengths by stage (right).  (bottom set of figures) (left) total event cluster distribution represented by the 
cluster centroids, (middle) the volume based on the TI isosurface constrained to the RTA results, and (furthest right) the fracture lengths by stage. 
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The hydrocarbon pore volume enveloping the microseismic events is 4.5 bcf, which is significantly larger than the 
RTA derived value of 1.2 bcf. To calibrate the DPA volume to the RTA constraint, the following steps were taken- 
 

• Remove event clusters that occurred outside of the gross Duvernay pay interval. 19% of Echo’s DPA-based 
volume was removed this way 

• Apply a filter to the distribution of event clusters, such that the total volume is reduced to that of the RTA 
interpretation (e.g. 1.2 bcf for Echo). For this step, two alternative filters are applied- one for event density 
and one based on the Ternary Index (TI), which represents the positioning of cluster centroids on a ternary 
diagram of PI, SI and DI (Figure 9) 

• Extract individual xf and h, by stage from the filtered event cluster distributions (Figure 13).  
• Use the arithmetic average xf and h to create the RTA (enhanced fracture region) model. Adjust the 

enhanced fracture region width (xi) to ensure the SRV is honored. (Figure 14) 
• The resulting RTA model for Echo is essentially identical, regardless of whether the density distribution or 

TI distribution is used. However, there are some important qualitative differences between these (to be 
discussed later) 

• The RTA model is validated using a reservoir simulation model (CMG, 2015) that contains a rigorous 
description of the SRV distribution within Echo’s bulk drainage volume (Figures 15-17) 

 

 
Figure 13:  (from left-to-right) Histogram comparing estimated fracture lengths for Echo well as determined by: (next) the full event volume, 
(next) the event density constrained to the RTA volume and (next) the volume determined by the appropriate cutoff of TI for event clusters. 
 
 

    
Figure 14:  RTA numerical model for Echo well using arithmetic average of xf and h from DPA-derived SRV (≈ half-net pay) 

Event	full	SRV Event	matched	SRV TI	matched	SRV

Mean	total	frac	length	from	TI	matched	SRV	=	166	m	(544	ft)

Pi =	7983	psi
xf =	272	ft
Le =	4151	ft
FCD	=	1000
nf =	38
k1 =	170	nd
k2 =	4.5	nd
Xi =	36	ft
h	=	70.5	ft
φT =	4.5%
sg =	85%
sw =	15%
cf =	6.8e-6	psi-1

Xe =	4151	ft
Ye =	660	ft
A	=	63	acres
ASRV =	34	acres
OGIP	=	4.02	bcf
OGIPSRV =	1.1	bcf
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Figure 15:  Echo well reservoir model for production simulation, honoring RTA-DPA derived SRV 
 
 

     
Figure 16:  Echo well production simulation history match 
 
 

  
 

Figure 17:  Echo well production forecast comparison – RTA (half net pay) model vs. simulation model (full reservoir volume) 

Condensate

Gas

Water

Bottomhole	flowing	pressure

Simulation	model	
(solid	lines)

RTA	model	
(dashed-lines)

Gas

Condensate



URTeC 2689356                              12 

3.2 Impact of stimulated reservoir volume – location, location, location 
 
The distribution of filtered DPA derived SRV within the bulk volume of the 3-well pad provides a useful 
complement to well performance analysis, confirming several conclusions from the RTA and reservoir modeling 
work. However, the DPA-RTA integration leads to some additional insights, making us rethink our standard RTA 
modeling workflow.    
 
There is clear evidence from the well performance data that Echo and Foxtrot are in subsurface communication, 
shown in Figure 18. 
 
 

 
 

Figure 18:  Subsurface communication between Echo and Foxtrot 
 

 
From the RTA perspective, this suggests that their SRVs are significantly connected, allowing the rapid transmission 
of a pressure transient to occur- when Foxtrot is shut-in Echo experiences an immediate increase in rate and flowing 
pressure. The distribution of DPA derived SRV could very well have predicted this subsurface communication, as is 
evident from Figure 19, which clearly demonstrates that a portion of Foxtrot’s SRV intersects with Echo’s wellbore 
(through at least two individual stages). 
 
Similarly, Echo appears to have created a significant amount of SRV that intersects Delta’s wellbore. However, the 
DPA interpretation predicts that this volume is disconnected from the bulk of Echo’s productive volume and thus 
subsurface communication would not be concluded. Although not connected to Echo, this ‘stranded’ SRV (aka 
‘Echo Island’ shown in Figure 20) is not without influence. Its presence ought to provide a boost to Delta’s well 
performance. The comparison of Specialized plots (Figure 3) suggest that Delta has more connected productive 
fracture area, supporting this hypothesis. (Although there are likely other factors contributing to Delta’s superior 
well performance). 
 
A visual inspection of the iso-surfaces for the three wells suggests there is significant overlap (left side of Figure 21) 
(of the same kind discussed previously between Delta and Echo). Based on these observations, the overlap can be 
assessed by looking at the differences in volume calculation, and in this case the overlap represents a volume of 0.58 
x 106 m, of the overall derived volume of 12.2 x 106

 m3 or 4.8% of overlap. Overlapping SRV represents largely 
wasted capital expenditure in the completion, as it is unlikely to increase recoverable reserves, rather only accelerate 
production. The extent of overlap is somewhat surprising, because the SRV generated by Echo’s completion is only 
25% of the total hydrocarbon pore volume allocated to its drainage area. In other words, significant reservoir 
volumes are going unstimulated, while other volumes are being repeatedly stimulated by multiple wells. This 
highlights the inefficiencies of current completion technology to effectively stimulate a well’s drainage area while 
avoiding “double dipping”. It stands to reason that the degree of overlap would have been reduced (and perhaps 
eliminated entirely) if the wells were spaced further apart; although the correlation between well spacing and 
effective SRV for the pad is not known. The left side of Figure 21 shows the volumes obtained from the individual 
wells as compared to the overall volume for all three wells combined.   
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Figure 19:  Foxtrot SRV intersecting with Echo wellbore 
 
 

      
Figure 20: Overlapping SRVs from Delta and Echo showing ‘Echo Island’ 
 

 

 
Figure 21: (left) Comparison of the individual volumes of the Delta Echo, and Foxtrot wells with (right) the overall volume to determine the 
extent of overlap between wells. 

Delta Echo Foxtrot

One	volume	for	wells	
D+E+F 

Individual	volumes	for	wells	
D,	E,	F 

‘Echo Island’ 
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3.3 The value of dynamic parameters – an engineer’s perspective 
 
The presence of dynamic parameters interpretation adds value to our RTA work as it questions some of the base 
assumptions about modeling a well’s SRV within its drainage volume. In a stand-alone RTA workflow, the SRV is 
usually assumed to be uniformly distributed around the wellbore, with full penetration through the reservoir 
thickness. In the case of Echo, this yields a 170 ft stimulated reservoir width (Figure 5), which is significantly 
smaller than the well spacing (660 ft). 
 
After integrating results from the DPA, it is clear the distribution of SRV within the bulk drainage volume is much 
more complex. Most significantly, the DPA reveals a non-uniform SRV distribution that is much more aerially 
extensive than that of the RTA model, but includes many gaps along both the vertical and horizontal planes (Figure 
19) that result in reduced production for those stages. It is not practical to model the DPA-derived SRV distribution 
explicitly in RTA. Instead, we can approximate it using the Enhanced Fracture Region model, which provides a bulk 
representation that is more consistent with the DPA results (Figure 14).  
 
One important take-away from the RTA-DPA integration is that the surface area of the SRV is significantly larger 
than what a stand-alone RTA model would indicate. This has major implications for the assumed matrix 
permeability. In order to obtain a satisfactory history match, the DPA model requires an order-of-magnitude 
reduction in matrix permeability (~5 nd instead of ~50 nd). To validate our integrated RTA-DPA model, a reservoir 
simulation case was created for the DPA description and its forecast is compared to that of the RTA-DPA model 
(Figure 17). Although the RTA-DPA model is not an accurate physical description of the SRV interpreted from 
DPA, it serves as an effective functional model, providing almost identical well performance and EUR. The RTA-
DPA model would be a practical and suitable proxy for modeling other wells in the field that don’t have 
microseismic data, provided that the completion, geological and geomechanical properties are reasonably similar. 
 
It is worth highlighting the apparent sizeable spatial gaps that appear in the DPA-derived SRV that intersect with 
Echo’s wellbore (Figure 22). Interestingly, if we consider that the frac orientation in-line with SHmax the SRV gaps 
largely disappear. However, the aerial footprint of the DPA SRV, does show the variability in response along the 
wellbore which can lead to non-uniform production. 
 

 
Figure 22:  a) DPA vs. b) Event density – identifying gaps (Echo well) 
 

 
There is no way to know for certain whether these gaps have a real impact on well performance, without some sort 
of downhole surveillance (PLT or fiber optics – DTS). A similar study was conducted to validate dynamic parameter 
results against PLT data by Urbancic et al. (2016). It is certainly possible that these apparent gap volumes contain 
propped hydraulic fracture(s). Indeed, proppant and fluid were successfully placed in the formation for these stages. 
The DPA results tell us we are unlikely to find deformable conductive rock there; in the reservoir engineering world, 
this simply means that we don’t expect to see much of an enhanced permeability zone. However, it may be possible 
to have a productive stage resulting from the diffusion of gas from the unfractured matrix into the primary (bi-wing) 
hydraulic fracture.  

 
 

 
 

Figure 22:  a) DPA vs. b) Event density – identifying gaps 
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Identifying the nature of the fracture state is outside the current study. However, as shown by Urbancic et al. (2017), 
the crack/fracture complexity in a DPA-SRV volume, as derived from the stress inversion of moment tensor 
solutions (Baig et al., 2017), can be used to establish the enhanced permeability that will allow for the percolation of 
fluids to occur. Using scanline and topological approaches they were able to identify volumes where the crack 
network can support primary and secondary production, which allows for the diffusion of gas to occur from 
relatively un-fractured rock. Unfortunately, moment tensors were not derived in this study due to geometric 
constraints in recording configuration. 
 
All things considered, the DPA derived microseismic results are a qualitative indication of where productive 
reservoir rock is likely to be encountered. This information can help constrain the RTA models to a more realistic 
SRV geometry, as we have shown, and can lead to near-realtime assessment of injection programs. 
 
Conclusions 
 
In this study, we have presented a novel integration of DPA-RTA that allows us to quantify with fairly good 
confidence both the size and distribution of SRV in a typical multi-well pad completion, leading to a more suitable 
reservoir model that can be used for field development optimization. This is a practical and cost effective reservoir 
characterization solution when costs prohibit the running of a multi-well, multi array test. The stand-alone RTA 
results for Echo suggest that downspacing (660 ft down to 330 ft) would not result in a significant reduction in 
short-term performance. The integrated DPA-RTA work, however, clearly demonstrates that downspacing would 
not be advised, due to the overlapping of the SRV distribution in the 3-well pad. As well, based on the RTA-DPA 
integration approach, the surface area of the SRV may be significantly larger than what a stand-alone RTA model 
would indicate. Our study shows that utilizing a simple reservoir description (RTA model) constrained with DPA 
can adequately serve as a reliable function model for a more complex reservoir description (production simulation).  
In summary, the DPA-RTA integration has provided an effective modeling technique for understanding well 
performance, stimulated reservoir volume and estimation of individual stage contributions. 
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Nomenclature 

 
A  = total cross-sectional area to flow, ft2 
Ad  = total drainage area, acres 
ct  = total compressibility, psi 

-1 
f  = porosity 
DI  =  diffusivity index 
FCD  = dimensionless fracture conductivity 
FMB  = flowing material balance 
Gp  = cumulative gas production, bscf 
h  = connected net pay (or frac height), ft 
k1  = inner zone (enhanced) permeability, nd 
k2  = outer zone (matrix) permeability, nd 
OGIP = original gas in place, bscf 
PI  = plasticity index 
Pi  = initial reservoir pressure, psi 
pwf  = bottomhole flowing pressure, psi 
q  = flow rate, stb/d or Mscf/d 
SI  = stress index 
SRV  = stimulated rock volume 
TI  = ternary index 
telf  = end of linear flow 
xf  = fracture half length, ft 
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