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Abstract. From the 1950s to the present, the Cardium Formation has been extensively produced. Exploitation
has moved from the high-permeability western areas to very heterogeneous lower permeability, “halo-oil”
regions in the east. In this case study, we brieﬂy summarize the geology and assess the degree of interwell communication in selected areas from the East Pembina Field. For the Interwell Connectivity (IWC) evaluation,
we use a modiﬁed version of the Capacitance Model (CM-PW) for connectivity analysis in areal windows. The
CM has been used to analyze ﬂow rates to measure IWC. The direction of the largest IWC change agrees with
the expected maximum stress direction in the Western Canada Sedimentary Basin. The model also captures
differences between pre- and post-fracturing connectivities. The matches of predicted to measured production
using the CM-PW are fair to good, 0.76  R2  0.95.

Nomenclature

K
N

Total number of production wells
Total number of samples (time steps) in the analysis period (window)

The variables
^
qðtÞ
q (t)
qj (t0)
qp (t)
w0 ij ðtÞ

Predicted total production rate at time step t
Measured total production rate at time step t
Initial total production rate of producer j
Pseudo well production rate at time step t
Convolved injection rate of injector i at the location of producer j at time step t
wi (t) Injection rate of injector i at time step t
pwf j ðtÞ BHP of producer j at time step t
w0 p ðtÞ Convolved pseudo well injection rate at time
step t
p0 wf kj ðtÞ Convolved BHP of producer k at the location of
producer j at time step t
t0
Time at the beginning of the window
t
Time
Total compressibility, (Lt2)/m
Ct
Vp
Pore volume, L3
I
Total number of injection wells
J
Well productivity index, (L4t)/m
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Greek symbols
spj
kij
sij
kp
vkj
skj

Time constant for the primary depletion term
Weight between injector i and producer j, indicating the connectivity
Time constant for the medium between injector
i and producer j
Weighting factor for the primary production term
Coefﬁcient for quantifying the effect of the changing BHP of producer k
Time constant for the medium between producers
k and j

Subscripts and superscripts
i
j
p
k
m
n

Injector index
Producer index
Pseudo well index
Producer-BHP index
Number of the time step
Number of the time step of interest
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1 The modiﬁed Capacitance Model
(Pseudo Well)

and
0

In this paper, we concentrate on analyzing Interwell
Connectivity (IWC) changes over small areas (spatial
windows) to better understand the effects of well treatments and geology in a low-permeability reservoir. We
have already described and evaluated the Capacitance
Model with a Pseudo-Well (CM-PW) in an earlier publication (Mirzayev et al., 2017), so we only brieﬂy present its
characteristics here.
Applying spatial windowing allows us to study speciﬁc
areas of interest in detail. Employing the areal windowing
technique with the CM-PW, we can choose an injector of
interest and offset producers and perform an IWC evaluation. This way we reduce the effects of injection collinearity
between nearby injectors. When we apply windowing, however, material balance is no longer preserved, which requires
a modiﬁcation to avoid violating the material balance basis
of the original CM. The CM-PW is the CM with a pseudo
well in the model, which accounts for any ﬂow imbalance
between a chosen area and its outside region and restores
material balance in the model.
1.1 The Capacitance Model and its modiﬁcations
The CM is simple to use for estimating IWC between an
injector-producer pair, which requires injection and production data. The CM, nonlinear in the capacitance parameter,
provides valuable information about ﬂow trends and
barriers in a reservoir. It is a linear reservoir model in
connectivities. Noetinger (2016) gives the CM and other
connectivity evaluation methods a theoretical foundation
and discusses how the governing equations of the CM can
be an effective way to treat complex cases such as hydraulically fractured wells, fracture shear failure and excessive
water injection.
The original CM as described by Yousef et al. (2006) has
three unknown parameters for each injector-producer pair
(Eq. (1)): (1) k, showing the magnitude of the connectivity;
(2) s (time constant), reﬂecting the ﬂuid storage and
compressibility in the interwell region; and (3) m, quantifying the effects of producer BHP variations.
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A simpliﬁcation gives the CMP, introduced by Liang et al.
(2007). This simpliﬁcation reduces the number of model
parameters by setting sij = sj and skj = sj. That is, there
are only two time constants (sj and spj) for each producer.
w0 ij ðtÞ and p0 wf kj ðtÞ are deﬁned as
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For spatially windowed case runs, we use the CMP with a
pseudo-well, the CM-PW. The CM-PW detects the type of
imbalance within the selected area and treats it as a pseudo
well. The following interpretation is adapted from Mirzayev
et al. (2017).
When the total injection rate of the system exceeds
the total production rate, the PW is a pseudo producer
(Eq. (4)).
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The production rate of the pseudo producer (qp) is adjusted
for the injection-production time delay which, in effect,
means the pseudo production well produces from the same
locations where injectors are present; therefore, injection
rates are not required to be time-shifted for qp. The estimated ^qp ðtÞ equals to
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where ^q p ðt Þ is estimated via optimization. The ﬁrst term
of equation (5) is the remnant of the prior production of
the pseudo well for t < t0. The second and third terms represent the contribution from the injectors and the effect of
possible BHP variations of producers on the pseudo well
production rate at time step t, respectively.
The PW is called a pseudo injector when there is a ﬂux
into a window area. The pseudo injection rate is timeshifted to the production wells, which means the pseudo
well injection rate is already ﬁltered (Eq. (6)). When the
PW is an injector, it injects from the same locations where
producers are present (Mirzayev et al., 2017):
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In summary, the algorithm of the model can be presented as in Figure 1.
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Fig. 1. The algorithm of the CM-PW. rp is the ﬂuid imbalance at a time in the system.

Table 1. Reservoir and ﬂuid data used for the case 1
homogeneous 5  4 model.
Parameter
Porosity, u, fraction
Horizontal k, md
Vertical k, md
Total compressibility, ct, psi1
loil, cp
lwater, cp
Reservoir size in x-direction, ft
Reservoir size in y-direction, ft
Formation thickness, ft
Reservoir depth, ft
Reservoir pressure, psi

Value
0.18
0.1
0.01
2  106
2
0.5
2480
2480
27
3000
1470

Table 2. P01 hydraulic fracture properties.
Fig. 2. 5  4 heterogeneous model with producers stimulated
(-2 skin)/fractured; production and injection wells are denoted
by P and I, respectively.

1.2 Testing the CM-PW with vertical wells
in a low-permeability model
We tested the model with homogeneous and heterogeneous
cases. More details for the homogeneous case are given in
Appendix A.
We simulated the production rates from a ﬁve-injector
and four-producer (5  4) heterogeneous model with matrix
permeability of 0.1 md (Fig. 2, Tab. 1) and BHPs constant
employing a commercial simulator. The near wellbore
region of the producers is modiﬁed to represent enhancement due to hydraulic fracturing. Since some of fractured
producers were converted to injectors during ﬁeld development in the East Pembina Field, we also modiﬁed the near
wellbore regions of injectors to account for the stimulation
done prior to conversion. This allows us to inject water with
higher injection rates than would ordinarily be the case for

Parameter

Value

Primary fracture width, ft
Primary fracture permeability, md
Half length, ft

0.1
1000
275

the East Pembina Field wells. P01 hydraulic fractures
pass through the barrier between P01 and I02 (Fig. 2)
and the hydraulic fracture properties of P01 are provided
in Table 2. There is also another barrier between I04 and
P02 (Fig. 2).
The simulation is run for 51 months and the data are
sampled quarterly (Fig. 3). The injection rates are created
using the actual average and standard deviation values
for East Pembina injection wells (Fig. 3a).
When we apply the CM to evaluate IWC for this case,
we observed that due to very low permeability, the model
only moderately identiﬁes the heterogeneities in the model.
For example, the barrier between I04 and P02 only reduces
the connectivity by 10% when compared with the I04–P04
connectivity (Fig. 4). Nonetheless, the model successfully
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a) injecon rates

b) producon rates

Fig. 3. a) Injection rates; and b) production rates. Rates are sampled quarterly.

Fig. 5. Simulated vs. CM-PW predicted rates comparison
(R2 = 0.9997).

Fig. 4. Connectivity map of the heterogeneous case with matrix
permeability of 0.1 md (*HF: hydraulic fracture).

predicted the simulated production rates with near-unity
R2 value (Fig. 5). This shows that the model can evaluate
heterogeneities in cases having small matrix permeabilities
similar to those in the East Pembina Field.

2 Cretaceous Cardium Formation
and connectivity analyses
The Cretaceous Cardium Formation was named by Scottish geologist James Hector because of the fossilized cockle
(Cardiidae) shells it contains (Braunberger and Hall, 2001).
Reservoirs in the Cardium Formation have been found in
the depth range of 1200–2700 m (Krause et al., 1994).
Neighboring source rocks generated the light and sweet
hydrocarbon found in these reservoirs (Krause et al., 1994).

The Cardium Formation has been exploited since the
1950s, with exploitation moving from conventional, highpermeability areas to tighter, low-permeability regions.
Today, the low permeability eastern deposits of the Cardium Formation have become attractive zones to target
as technological advancements (e.g., horizontal wells with
multistage fractures) have made it economically viable.
The conglomerate is a major Cardium heterogeneity
and is distributed discontinuously. It is seen as one of the
most troublesome lithohydraulic units in the reservoir as
injected ﬂuids are likely to channel through it, leading to
early water breakthrough and small oil recoveries (Gillund,
1969; Kloepfer and Grifﬁth, 1965; Krause et al., 1987).
Sandbody continuity is another major concern for the
Cardium Formation. Krause et al. (1987) observed that in
their study area, from south-central Pembina Field (T47,
R7 W5M) with good core coverage, lithofacies are formed
as a mosaic and lack continuity i.e., the labyrinth conﬁguration in the terminology of Weber and van Geuns (1990).
Interbedding, lensing, and shingling prevail in lithofacies
and lithohydraulic units. Krause et al. (1987) assumed that
the lithofacies extend halfway between wells, a distance of
approximately 285 m, for their analysis. Butrenchuk et al.
(1995) noted that high lateral continuity would be anticipated in the sandstones and shales with their proposed
depositional model of a prograding shoreline stepping out
into the basin, suggesting a more continuous system
(i.e., jigsaw puzzle in the Weber and van Geuns (1990)
characterization) than Krause et al. (1987) propose.
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a)

b)

Fig. 6. (a) Alberta map showing Cardium Formation paleogeography (modiﬁed from Krause et al., 1994 as cited in Fic, 2013); and
(b) enlarged map of the East Pembina Oil Field well locations. Vertical wells generally predominate but horizontal wells increase in
the northeast.

When it comes to preferential ﬂow paths in the Cardium, in addition to the conglomerate, natural fractures
also play an important role. Determining ﬂuid production
trends has been a signiﬁcant challenge in the Cardium Pool.
Many authors (e.g., Gough and Bell, 1981; Hassan, 1982;
Krause et al., 1987; McLeod, 1987) have studied this topic.
It was the prevailing opinion that either a capping conglomerate layer or fractures controlled these trends. Nevertheless, it was not clear which one of these factors was
affecting production on a well basis. Using borehole breakouts, Gough et al. (1983) determined that the NE-SW orientation of the maximum stress, SHmax, extends throughout
the Western Canadian Sedimentary Basin (WCSB), northeast of the Rocky Mountains of Alberta and British Columbia. Additionally, Krause et al. (1987) determined that
fractures control the NE-SW-oriented water breakthroughs
occurring over short periods in the Cardium.
As we will demonstrate with the help of IWC analysis
and maps, we can determine the dominant ﬂuid production
trends in a particular area from the East Pembina Field and
assess lateral continuity, which can help us to exploit an area
of interest and compare with the geological characterization.
Connectivity assessments can help to identify the major geological controlling factors and provide a guide to well spacing
for inﬁll drilling campaigns. IWC can also help to understand how connectivity changes when wells are stimulated.
2.1 East Pembina Field description and geology
Our study area is the East Pembina Oil Field (Fig. 6), where
the average permeability is less than 1 mD. The ﬁeld was initially drilled on 80- and 160-acre well spacings for wells in
the Range 7 – Township 50 and Ranges 6–5 – Township
49 areas, respectively. Most of the wells in the ﬁeld
(Fig. 6b) were vertical wells. More recently, horizontal wells

Fig. 7. Conglomerate thickness map of the East Pembina Oil
Field (edited from Krause et al., 1994). Conglomerate thickness
varies from 0.1 to 9 m in this area. Contours are in meters: 0.1,
1.0, 3.0, and 9.0.

have been added. Most of the vertical wells were fracture
stimulated during initial completion. A majority of the wells
have been periodically retreated.
Krause et al. (1994) provide a conglomerate isopach
where conglomerates are generally orientated NW-SE and
the indicated thickness varies from less than 0.1 m to more
than 9 m in this area (Fig. 7). Krause et al. (1987) report
that the conglomerate-bearing zone has thickness ranging
from one pebble to 12 m. They observed that conglomerates
thinner than 1 m are packed with shale or siderite matrix
and do not have a large inﬂuence on ﬂuid ﬂow.
2.2 IWC evaluation in selected window areas
We use the CM-PW to evaluate IWC in two areas from the
East Pembina Field (Fig. 8). The ﬁeld was under primary
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Table 3. Some important East Pembina Field reservoir
and ﬂuid properties (Clarkson and Pedersen, 2011).
Reservoir rock
Age
Net pay (avg.)
Porosity (avg.)
Permeability (avg.)
Gravity
Initial oil viscosity
Initial oil FVF
Initial reservoir pressure

Fig. 8. The East Pembina Oil Field – conglomerate thickness
map (edited from Krause et al., 1994). Contours are in meters:
0.1, 1.0, 3.0, and 9.0. Orange and yellow colored outlines are the
chosen window areas.

depletion until 1967, when waterﬂooding began. Table 3
summarizes some of the important reservoir and ﬂuid properties. Two areas (Windows 1 and 2) were chosen to study
the effects of geology and well treatments on IWC.
For the connectivity evaluation presented below, we use
a normalized connectivity measure, k0 , instead of k. The
normalized connectivity k0 , k0 = kheterokhomo, where khomo
is the connectivity if the reservoir were homogeneous and
khetero is the connectivity for the actual reservoir. The use
of k0 instead of k reduces the effects of well distance and
reservoir boundaries from the connectivity, as both khetero
and khomo contain these effects (Kaviani and Jensen,
2010; Soroush et al., 2014). khomo is calculated analytically
using the Multiwell Productivity Index method (Kaviani
and Jensen, 2010). Hence, interpreting k0 is easier than
using k for the evaluation of reservoir heterogeneity because
1) it facilitates connectivity comparisons for wells with
differing injector-producer spacing, and 2) it provides a
measure of connectivity relative to that obtained in a homogeneous reservoir. Positive k0 values represent ﬂow conduits
(more connectivity than a homogeneous reservoir) while
negative k0 suggests ﬂow barriers (less connectivity than a
homogeneous reservoir).
2.2.1 Window 1 CM-PW analysis
This area is chosen from a location where the conglomerate
is thinner than 1 m, suggesting according to Krause et al.

Cardium sst and conglomerate
U. Cretaceous
19.3 ft
13.9%
0.7 md
37° API
1.4 cp
1.19 RB/STB
1900 psi

(1987) that the conglomerate is not hydraulically important.
We chose an area including surrounding producers and two
injectors I18 and I37, and the CM-PW was applied for three
periods (Fig. 9). The R2 values (CM-PW-predicted vs.
measured production) of all three periods are fair to good
(Tab. 4). For each period, we estimated L, the ratio of the
number of samples to the number of model parameters.
L is a ﬁgure of merit for the model, where larger values are
better than smaller values. Due to a limited number of measurements for the number of parameters to be evaluated
(L = 4.5), the statistical variability of the ks might be a reason for the moderate R2 values (Kaviani et al., 2014).
Although the 2nd period L = 3.1 is smaller than the 1st
period L, we obtain a better R2. History match plots of all
periods are provided in Appendix B.
Prior to the 1st period, all four producers were fractured
(Fig. 9). The CM-PW analysis (Fig. 10) reveals that the largest connectivities are oriented in the NE-SW direction,
which is consistent with the SHmax direction in the WCSB
(Bell et al., 1994). The pseudo well connectivity is also
directed in the NE-SW direction and contributes only to
P127 (Fig. 11). According to Alberta Energy Regulator
(2014) reports, the operator fractured P127 with 37.5 tons
of 20/40 sand, which is the largest amount of pumped proppant when compared to the other wells in Window 1.
It appears that fracture stimulation of the high permeability well P128 (core kavg = 190 md) was not productive;
it was abandoned (Fig. 9) with a water cut of 95% after
6 years of waterﬂooding. Before the 2nd period, P145 was
fractured again, although the reasons are unclear because
the CM-PW analysis suggests this well was adequately supported by both I37 and I40. After the P145 re-stimulation,
the connectivity with I37 and I40 decreased and P127 is the
only well having k0 > 0 (Fig. 12). The connectivity of
I40 – P127 may be larger because P127 was fractured
initially with 37.5 tons of proppant, which is 12.5 tons more
than the amount used to treat P145 during the same
period. We cannot further analyze the connectivity change
of P144, as we have no information about the fracturing job
of that well.
The 2nd period analysis, after P128’s abandonment and
P145’s re-stimulation, shows that P145 beneﬁts very little
from the nearby injectors. P145 was fractured for the third
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Fig. 9. Timeline of Window 1.

Table 4. Window 1 periods – R2 values based on total
predicted vs. total measured production rates during each
period.
Period
1st
2nd
3rd

Start date
(dd/mm/yyyy)

End date
(dd/mm/yyyy)

R2

L

01/01/1967
01/08/1979
01/06/1983

01/07/1971
01/09/1982
01/01/1990

0.76
0.83
0.91

4.5
3.1
6.6

time prior to the 3rd CM-PW analysis period (Fig. 9).
Further re-fracturing of P145 does not appear to have been
effective (Fig. 13); I40 decreased connectivity with all the
surrounding producers.
The slope of a cumulative injection vs. time plot
(Fig. 14) shows the I40 injectivity changes across the three
periods and suggests that injection-induced fractures may
have been important (Fig. 10). Period 1 shows the steepest
slope in Figure 14, indicating the largest injectivity and
exhibits the largest connectivities oriented in the SHmax
direction. The Period 1 slope is approximately 500 bbl/day,
which is much larger than the constrained injection rates
typical of this ﬁeld. Hence, injecting water at this rate creates pressures exceeding the formation breakdown unless
there is a signiﬁcant fracture already present. When the
slope of the plot decreases in the 2nd period, we observe
that the connection with P145 was lost. However, I40 established a strong connection with P127, which was initially
fractured with a larger amount of proppant compared to
P145. The increased slope in the 3rd period appears to
occur in the fracture shear failure time. Therefore, I40 lost
all connections with the surrounding wells. During all three
periods, P127 is the only well having strong support from
areas outside of the window.

2.2.2 Window 2 CM-PW analysis
In this window area (Fig. 15), there are four producers and
one injector. We selected three periods (Fig. 16) to study
the effects of well treatments and the presence of substantial amounts of conglomerate on IWC. We obtain a very
good match between the CM-PW predicted and measured
rates for all three periods with L  3.4 (Tab. 5). We also
observe that R2 increases with increasing L, which is consistent with Kaviani et al. (2014) ﬁndings. History match plots
of all periods are provided in Appendix B.
The CM-PW analysis of the 1st period shows that the
normalized connectivities between well pairs I62-P224 and
I62-P219 are large (Fig. 17).
Since the pseudo well connectivity (Fig. 17) is directed
towards the conglomerate-bearing zone in the east, we infer
that the conglomerate contributes to the connectivities in
this window. Core data from the unfractured wells P225
and P184 also suggest the presence of conglomerate in the
east, since the ﬂow capacity (permeability-thickness product, kh) of P184 is 2½ times that of well P225 and there
appears to be a clear relation between k0 and kh for these
wells (Fig. 18).
P225 is the only well having k0 < 0 and the operator may
have recognized that this well was receiving little support
from I62 because P225 was acid squeezed twice and
fractured with 8.5 tons of 10/20 sand after the 1st period
(AER (2014) reports). CM-PW analysis in the 2nd period
(Fig. 19) indicates the connectivity of P225 increased by
0.16 (i.e., Dk0 = k0 period2k0 period1 = 0.16), and the connectivity of I62 with other producers either decreased
(I62 – P184) or remained the same (I62 – P224). The pseudo
well still exhibits the strongest support directed to the east
(Fig. 20).
A plot of Dk0 vs. proppant tonnage for the treatments of
wells P225 and P184 shows a direct proportion (Fig. 21),
where we have added the point at the origin on the basis that
zero proppant should leave the connectivity unchanged.
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Fig. 10. Window 1 – normalized connectivity map of the 1st period. Connectivities are larger in the NE-SW direction, consistent
with the direction of larger horizontal principal regional stress.

Fig. 11. Pseudo well connectivity during the 1st period,
showing strong connectivity from wells outside the area with
well P127.

After all the treatments, the I62 – P184 connectivity
was strong during the 3rd period (Fig. 22). The pseudo well
also shows a strong connection with P225 and P184
(Fig. 23). P225 connectivity has improved after the suspension of some wells outside the areal window. It may be

Fig. 12. Window 1 – normalized connectivity map of the 2nd
period (P128 abandoned, P145 refractured in 1977).

that re-fracturing P184 reactivated the connection with
both the injector and the conglomerate-bearing region.
Fracturing the wells close to the thick conglomerate zone
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Fig. 13. Window 1 – normalized connectivity map of the 3rd
period (P145 fractured, P128 abandoned).

might increase the connection with that zone; therefore,
fracturing those wells close to the conglomerate region
could be considered a successful operation to extract oil
from that zone.

3 Discussion
Testing the modiﬁed model (CM-PW) with simulation
model cases with low permeability showed that it can determine heterogeneities and estimate connectivity of a source
outside of a window area. For the permeability of 0.1 md,
connectivities of long distance pairs are often very small
except, perhaps, in the case of natural fractures. It would
be interesting to test the model in a naturally fractured
low permeability case.
In the Cardium Formation, for a few lithofacies, lateral
continuity in the East Pembina Oil Field has been studied.
Butrenchuk et al. (1995) report that high lateral continuity
in sandstones and shales would be likely to occur if the
depositional model of a NW-SE prograding shoreline stepping out into the basin were the case. P184’s strong connection with I62 in Window 2 suggests that there exists a
signiﬁcant hydraulic continuity between this well pair having an interwell distance of 1916 ft. This distance is larger
than the Krause et al. (1987) assumption that the lithofacies extend halfway between wells. It appears that the conglomerate is an important element in the connectivity of
wells, even where only some of the wells show conglomerate.
During the 1st period of the Window 2 analysis, the pseudo
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well connectivity map showed that there is strong support from the thick conglomerate-bearing region. As for
Window 1, we could not infer anything about lateral continuity because the wells were fractured before any of the
CM-PW analyses.
The ﬁeld case applications showed that having a
pseudo-well in the model helps to identify the contribution
of a high permeability layer (the conglomerate) to the wells
in contact with that layer. Similar to Krause et al. (1987),
we also determined that an area with a signiﬁcant conglomerate layer (>1 m thick) contributes to IWC and thereby to
total production. There are some wells in the eastern parts
of the East Pembina Oil Field which are located in the thin
conglomerate-bearing regions, and these wells might still
beneﬁt because of proximity to the thicker portions. It is
possible the hydraulic fractures of these wells might penetrate to the thicker parts of the conglomerate layer. Having
microseismic images of these wells would help us to characterize these phenomena.
By analyzing the connectivities after well treatments, insights into the stimulation effects are possible.
In Window 1, the CM-PW identiﬁed the wells in need of
treatment during all the periods. We determined that well
connectivity increased with the amount of proppant used.
It remains unclear how the ﬁeld operator identiﬁed the wells
to treat; we could not locate reports evaluating whether the
stimulations were considered successful. We also could not
ﬁnd any study covering how hydraulic fracture networks
change shape with time in the Cardium pool. Window 1
seems to be more stress sensitive than the Window 2 since
re-fracturing could not improve the P145 connectivity. Well
P127, initially fractured with a larger amount of proppant,
kept beneﬁting from injection outside of the chosen area
during all the periods. The 1st period results were in agreement with the SHmax in the region. We have some questions
left unanswered however, as most of these wells lack
detailed reports.
The analyses suggest that fracturing all the wells or
re-fracturing might not be the best solution to preserve
existing connections with surrounding wells. For instance,
1. Fracturing a well located in a high permeability zone
might establish a connection with a possible waterbearing zone, which causes a very high watercut in
the early period of that well. P128 from the Window 1
was one of those wells.
2. Re-fracturing can reopen a closed fracture, which
might re-establish a connection with an injector
through an already swept zone and reduce or lose connection with a current contributor.
3. Re-fracturing can starve other producers of injection
support, as we saw in Window 1.
As the reservoir is waterﬂooded, fracture shear failure
might occur, and which directly affects the connectivity of
a fractured well (Palmer et al., 2007). For example, after
the 1st period, P145 did not communicate with the injectors
I40 and I37 aligned along the direction of SHmax. Injection
induced fractures can also affect the IWC, which could
cause needless remedial work on nearby producers. Therefore, determination of threshold injection rates to avoid
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Fig. 14. Cumulative injected volume with respect to time for injection well I40 (the numbers 1, 2 and 3 correspond to the periods
shown in Fig. 9 and Tab. 4).

Fig. 15. Window 2 – location and its proximity to signiﬁcant conglomerate thicknesses.

Fig. 16. Window 2 – well treatment timeline (I62 and P 219 were intermittently suspended).
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Table 5. Window 2 – R2 values of total predicted vs. total
measured production rates during each period.
Period
1st
2nd
3rd

Start date
End date
(dd/mm/yyyy) (dd/mm/yyyy)
01/07/1970
01/06/1979
01/02/2000

01/06/1974
01/12/1984
01/07/2003

R2

L values

0.91
0.95
0.89

4.7
6.6
3.4

Fig. 19. Window 2 – the connectivity map after acid squeezing
and fracturing P225 (2nd period).

Fig. 17. Window 2 – 1st period – connectivity map where P224
and P219 are fractured (the plot in the lower right corner shows
pseudo well connectivity).
Fig. 20. Pseudo well connectivity during the 2nd period shows
largest connectivity with P219 the east.

Fig. 18. k0 vs. kmaxh for the initially unfractured wells P184 and
P225; the connectivities are consistent with the well ﬂow
capacities.

fracturing a formation might avoid such causes. It seems
I40 had injection-created fractures during the 1st period
because the cumulative injected volume plot shows the largest slope and I40 had positive normalized connectivity
with both P127 and P145 and aligning with the SHmax.

Fig. 21. Change in connectivity, Dk0 , vs. proppant tonnage
suggests a linear relationship, where the point at the origin is
added from physical reasoning.

12

M. Mirzayev and J.L. Jensen: Oil & Gas Science and Technology - Rev. IFP Energies nouvelles 74, 26 (2019)

is more than the 285 m value predicted by Krause et al.
(1987) and similar to that (570 m) predicted by
Butrenchuk et al. (1995).
The ﬁeld study results suggest that well treatments need
to be carefully designed with the geological heterogeneities
in mind in order to avoid unintended reductions of IWC.
Acknowledgments. The authors wish to thank the sponsors of
the Tight Oil Consortium (TOC) at the University of Calgary.
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Appendix A
Testing CM-PW with homogeneous
low permeability case
We test the model with the simulated production rates
from a 5  4 nearly-homogeneous low permeability model
with constant BHPs (Tab. A1, Fig. A1). The simulation
runs for 299 months and the data are sampled every
3 months (Fig. A2). Injection rates are produced using
the East Pembina Field wells’ hydraulic fracturing pressure
as a constraint. Therefore, they should be in the range of
injection rates shown in Figure A2, as we attempt to preserve formation without fracking it. When we apply the
CM-PW to evaluate IWC for this case, we deliberately
exclude I05, so we create an imbalance in the system before
running the model.
The estimated connectivities of I05 in the low permeability model are similar to the corresponding connectivities
from the other corner injectors (Fig. A3, within 14%).
The model accuracy (i.e., total simulated vs. total
CM-predicted production rates) is very high (R2  0.99,
Fig. A4). When compared to the conventional (40 md of
Yousef et al., 2006) case results, the points lie along the
1:1 line with slightly larger variation (Fig. A5). Compared
to the conventional case, the support from the long-distance
injectors in low permeability formations decreases by ~50%,
while direct connectivities increase by ~18%. For example,
the effect of a 1 bbl/day change at I01 on P03 is only
33% of the effect of the same change at I02 on P03. Because
of the relatively large interwell distance and strong
attenuation effect by the porous medium, the effect of the
long-distance support from each injector is masked by

Fig. A1. 5  4 semi-homogeneous model with producers
stimulated (-2 skin) by an enhanced near well region (10 md);
production and injection wells are denoted by P and I,
respectively.

the near-well inﬂuence, which increases the variability of
the k estimates.
In the case when I05 is not included in the model, the
history match (the simulated vs. predicted production rates)
using the CMP is mediocre (Fig. A6-a). On the other hand,
we get a good match employing the CM-PW (Fig. A6-b).

Table A1. Reservoir and ﬂuid data used for the semi-homogeneous 5  4 model.
Parameter
Porosity, u, fraction
Horizontal kmatrix, md
Vertical kmatrix, md
Producer knear wellbore, md
Total compressibility, ct, psi1
Reservoir pressure, psi
loil, cp

Value

Parameter

Value

0.18
0.5
0.05
10
2  106
1470
2

Fluid viscosity, l, cp
Reservoir size in x-direction, ft
Reservoir size in y-direction, ft
Formation thickness, ft
Reservoir depth, ft
Model dimensions
lwater, cp

0.5
2480
2480
27
3000
93  93  1
0.5

a. Injection rates
Fig. A2. Case 3–1 injection and production rates (sampled every 3 months).

b. Production rates
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Fig. A3. Left ﬁgure: CMP-PW values (k, shown with a line indicating the direction and the magnitude of connectivity) from the
model with the pseudo well (I05). Right ﬁgure: The pseudo well is placed in the center of the map where only producers are shown.

Fig. A4. Case 3–1 CM-predicted total rate vs. simulator-based
total rate (R2  0.99) – Pseudo well: I05.

a. CMP

Fig. A5. Connectivities from the case with I05 excluded vs.
connectivities from the case I05 included.

b. CMP-PW

Fig. A6. I05 not included history match plots from CMP (left) & CMP-PW (right).
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Appendix B
History match plots
Window 1 – 1st period (R2 = 0.76)

Window 2 – 1st period (R2 = 0.91)

Window 1 – 2nd period (R2 = 0.83)

Window 2 – 2nd period (R2 = 0.95)

Window 1 – 3rd period (R2 = 0.91)

Window 2 – 3rd period (R2 = 0.89)

