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Summary 

The application of numerical models of CO2 injection and storage in sandstone reservoirs is 
particularly important in relatively tight and naturally fractured sandstones, as it is the case of the 
Potsdam sandstones of the St. Lawrence Platform, Quebec. A 3D coupled reservoir-
geomechanical modeling and CO2 injection reservoir simulations are conducted targeting deep 
(2.3-2.5 km bsl) saline aquifer of Cambrian-Lower Ordovician Potsdam sandstone in the 
Becancour area (Gentilly Block) to predict CO2 injectivity, evaluate ranges of safe injection 
pressure, and minimize the risk of top and bottom seal failure and fault shear slip reactivation. 
The conducted numerical modeling included two phases. Phase I involved analysis of available 
data on petrophysical properties of the Potsdam sandstone (Covey Hill and Cairnside Formations) 
and carrying out 1D and 3D static geomechanical modeling to evaluate rock mechanical 
properties, in-situ stresses and pressure. Phase II included 3D reservoir simulation of CO2 
injection for 20 years under isothermal conditions for different modeling settings and injection 
scenarios. The last step of 3D coupled reservoir-geomechanical modeling helped to analyze the 
interaction between reservoir pressure buildup and in-situ stress changes. Estimation of effective 
stresses helped to evaluate the range of safe CO2 injection rates and analyze the risk of caprock 
tensile failure and fault/fracture shear slip reactivation. It is shown that safe CO2 injection rate for 
20 years of injection is estimated ranging from 0.7 kg/s (22.1 kt/yr) to 10 kg/s (315.4 kt/yr) 
depending on the porosity and permeability of the Potsdam sandstone varying from core-derived 
matrix to “fracture-enhanced” values. The corresponding CO2 injection cumulative for 20 years 
ranges from 432.2 kt to 6,013.5 kt. The risk of caprock tensile failure or fault shear slip reactivation 
predicted by the mid-case scenario is low. 
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Introduction 

The numerical simulation of CO2 injection and storage in sandstone reservoirs is particularly 
important in relatively tight and naturally fractured sandstones to evaluate the range of safe CO2 
injection rates and analyze the risk of caprock tensile failure and fault or fracture shear slip 
reactivation.  

The deep saline aquifers within the Early Paleozoic sedimentary basin (Fig. 1) of the St. Lawrence 
Platform (about 200 km × 40 km) are recognized as the best target for geological storage of CO2 
in the Province of Quebec based on both geologic and practical criteria (Malo and Bedard, 2012).  

 

Fig. 1. Geological map of the St. Lawrence Lowlands, modified after Globensky (1987) and 
Konstantinovskaya et al. (2014). Orientation of present-day maximum horizontal stress SHmax 
and stress regime are shown after Konstantinovskaya et al. (2012). The cross-section A-B is 
simplified after interpreted seismic line M2002 from Castonguay et al. (2010). Subsurface fault 
polygons for the top of basement are shown as shadow lines after Thériault et al. (2005). Black 
box delineates location of the Gentilly Block. Star indicates targeted Potsdam reservoir. Fault 
abbreviations: JF, Joliette; SCF, Saint-Cuthbert; SPF, Saint-Prosper; SA, Saint-Albin; DF, 
Deschambault; JCF, Jacques-Cartier; NF, Neuville; MF, Montmorency; CTF, Cap-Tormente; YF, 
Yamaska; AF, Aston; LL, Logan’s Line. 
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According to the previous studies (Tran Ngoc et al., 2014), the Cambrian-Lower Ordovician 
sandstone of the Potsdam Group at the base of the Lower Paleozoic sedimentary succession of 
the St. Lawrence Platform (Fig. 1) represents the preferential target for CO2 sequestration 
because of significant thickness (600 m – 800 m). The core samples of the Potsdam sandstone 
from the Becancour area are characterized by relatively low average values of porosity (6%) and 
permeability (2.6 mD), but DSTs data suggest potential presence of natural fractures. The 
overlying Ordovician rocks of the Beekmantown and Trenton Group, Utica Shale and Lorraine 
Group are tight and, if not heavily fractured, can provide a thick seal above the reservoir. The 
metamorphic rocks of the Grenvillian basement represent a bottom seal below the reservoir. 

 

Methods and workflow 

 
3D numerical modeling workflow in the Gentilly Block was conducted in two phases (Fig. 2): 
 
Phase I - evaluate rock mechanical properties, in-situ stresses and pressure 
• Petrophysical analysis of the Potsdam sandstone for wells A156 Husky Gentilly #1, A252 
Talisman Gentilly #1 
• 1D Mechanical Earth Models (MEMs) for wells A156 Husky Gentilly #1, A283 pilot Ste 
Gertrude #1 
• 3D static geomechanical modeling (X 6850 m x Y 7850 m x Z 4000 m) 

 
Fig. 2. Workflow for 3D coupled reservoir-geomechanical modeling and 3D reservoir simulations 
applied in this study 
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Phase II – CO2 injection and one-way coupled reservoir-geomechanical modeling 
• 3D reservoir simulation of CO2 injection for 20 years under isothermal conditions for 
different modeling settings and injection scenarios  
• 3D coupled reservoir-geomechanical modeling to analyze the interaction between 
reservoir pressure buildup and in-situ stresses changes and evaluate the risk of caprock tensile 
failure and fault/fracture shear slip reactivation. 
 
In this publication, we concentrate on the results of reservoir simulations of this study. 

 

Results 

 

Phase I. 

Petrophysical analysis of the Potsdam sandstone 

The petrophysical properties of core data of the Potsdam sandstone are analyzed to identify 
permeable intervals suitable for CO2 injection in two wells penetrating the reservoir in the study 
area: well A156 Husky Gentilly #1 located in the Gentilly Block and well A252 Talisman Gentilly 
#1, located outside the block at ~8.8 km to the NE from well A156.   

The petrophysical analysis of 1 core sample from the Cairnside sandstone (2545.3-2545.9 m MD) 
and 24 core samples of the Covey Hill sandstone (2586.2 m to 2595.3 m MD) is available in well 
A156 Husky Gentilly #1. Only 1 analysis of core sample of the Cairnside sandstone (2258 mD) is 
available in well A252 Talisman Gentilly #1.  

Based on the core data, the Covey Hill sandstone is characterized by maximum porosity of 4% 
and maximum permeability Kmax of 0.3 mD, excluding high values of 0.5-0.7 mD likely related to 
microfractures in the core. The permeability K90 is available in 23 samples; it is equal to Kmax in 
4 samples, and K90 = 0.77*Kmax in remaining 19 samples. 

The correlation equation k (mD) = 0.0894*porosity (%)-0.0577 was derived from the core 
measured data in wells A156 Husky Gentilly #1 and used to estimate the log-derived permeability 
profile from the porosity profile in the Covey Hill sandstone (Fig. 3). 

The field observations of the Potsdam sandstone in outcrops of the Montreal area support that 
the sandstone is characterized by the presence of connected open subhorizontal and vertical 
natural fractures. If present in the subsurface, such fractures may enhance low matrix permeability 
of the sandstone. 
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Fig. 3. Petrophysical plots for wells A156 Husky Gentilly #1 and A252 Talisman Gentilly #1. 
Vertical black arrow indicate the zone of higher porosity and permeability interpreted in the upper 
interval of the Covey Hill Formation. 

 

Mechanical stratigraphy, rock mechanical properties, pore pressure and 3 principal total stresses 
are estimated in 1D and 3D reservoir-geomechanical modeling. The estimated elastic properties 
of rocks are calibrated by core testing data, predicted pore pressure is validated by DSTs, Shmin 
is calibrated by LOTs and SHmax is constrained by 1D wellbore stability (WBS) modeling. The 
obtained results on reservoir pressure and Shmin are applied as input controlling parameters in 
reservoir simulations of CO2 injection. 

Phase II. 

3D reservoir simulations of CO2 injection 

The main objectives of 3D reservoir simulations include:  
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• Perform reservoir simulations to estimate a range of CO2 injection rates and volumes using 
the constraints of borehole pressure (BHP) and reservoir pressure below fracture gradient to 
minimize the risk of tensile failure in injection well or in the caprock  

• Run different scenarios to investigate pressure response to different injection rates for a 
time period of 20 years (01/01/2022-01/01/2042) 

The input parameters for reservoir simulations include: porosity and permeability populated in 3D 
grid in the Potsdam sandstone from well A156 Husky Gentilly #1; reservoir pressure with control 
point of 28 MPa (280 bar) at 2343 m TVD from DSTs results; and total minimum horizontal stress 
(Shmin) at the top of the Potsdam sandstone set as 42 MPa (420 bar) corresponding to the upper 
limit for BHP and fluid pressure buildup to minimize the risk of tensile failure in the injection well 
or in the caprock. Relative permeabilities are taken from default settings. All reservoir simulations 
are conducted under isothermal conditions. 

3D reservoir simulations were performed in ECLIPSE for two models (Fig. 4). One model was 
built for the southern block of the hanging wall (HW) that correspond to the settings of sealing 
fault. The second model was the full size model that included both footwall and hanging wall of 
the Gentilly Block, which corresponds to the settings of permeable fault. Two vertical injection 
wells were placed in the southern block of the model (Fig. 4): Inj_well #1 (Lat 44⁰ 21’ 44.61” Long 
72⁰ 16 42.46) and Inj_well #2 (Lat 46⁰ 20’ 41.65” Long 72⁰ 18’ 11.71”), KB 41.76 m, similar to well 
A156. The wells are located in the center of relative uplifts of the top Potsdam structural surface 
(Fig. 4). The completions in the injected wells were planned with four casings sections. The outer 
diameter of casing in the reservoir section is 5.5”, which is planned from the top Trenton to TD of 
2800 m MD. Three perforation intervals were set at the intervals of the maximum porosity and 
permeability in the upper interval of the Potsdam sandstone. The perforation intervals are located 
from 2370 m MD (2328 m bsl) to 2492 m MD (2450 m bsl) in Inj_well #1 and from 2403 m MD 
(2361 m bsl) to 2534 m MD (2492 bsl) in Inj_well #2 (Fig. 4). 

Total density porosity PHIT_D and maximum permeability Kx (Kmax) properties in 3D reservoir 
grid were populated by propagating these properties from corresponding estimated profiles in well 
A156 Husky Gentilly #1 calibrated by core data. Ky (K90) was set equal to Kx (Kmax), that results 
in symmetric CO2 plume, except for the sensitivity study on permeability anisotropy with Ky < Kx, 
that results in asymmetric plume. Kz (Kv) was estimated as 0.135*Kmax corresponding to the 
core data. The chosen orientation of Kx parallel to SHmax is appropriate for the case when open 
natural fractures are parallel to SHmax. 

In the assumed scenarios (Table 1), the range of porosity and permeability of the Potsdam 
sandstone varies from core measurements (matrix) to suggested higher values of porosity and 
permeability enhanced by the inferred presence of natural fractures in the Potsdam sandstone in 
the subsurface. 

 



 

 

GeoConvention 2022 7 

 

Fig. 4. Left: Location of two 3D reservoir models in the Gentilly Block shown against the 
background of the top Potsdam surface in depth (TVDSS). The hanging wall (HW) model in the 
southern block is shown by red rectangle. The full size model includes both footwall and the 
hanging wall.  Mean topography elevation is 30 m. Right: Completions and perforation intervals 
in planned injection well Inj_well #1. Predicted petrophysical properties: PHIT_D, total density 
porosity; Kx, horizontal permeability Kmax. Three perforation intervals are set at the intervals of 
the maximum porosity and permeability in the upper part of the Potsdam sandstone. 

 

Table 1. Settings of different cases of continuous CO2 injection for 20 years from Jan 01, 2022 

to Jan 01, 2042 under isothermal conditions.  

Note: In case 2-2, injection rate of 4.5 kg/s is shown per well; HW, hanging wall (southern block). 
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3D southern hanging wall reservoir model, settings of sealing fault  

 

Case 1 is conducted under the matrix values of porosity (max porosity 4%) and maximum 
permeability Kx (Kmax)=Ky 0.3 mD and maximum Kz 0.06 mD (Table 1) as measured in the core 
data. In this case, the reservoir is considered very tight. The CO2 injection rate of 0.7 kg/s (32364.7 
sm3/d or 22.1 kt/yr) allows the continuous injection over 20 years without reaching the top limit of 
BHP of 420 bar (42 MPa) (Fig. 5). The CO2 plume is symmetric and reaches the dimensions of 
about 550 m in diameter and 290 m of height after 20 years of injection (Fig. 5). If injection rate is 
set as 1 kg/s under the same settings (case 1b), the BHP remains close to 42 MPa all the time 
that increases the risk of tensile failure in the well and injection rates should be controlled to be 
decreasing (Fig. 5). 

 

Fig. 5. Case 1, 3D reservoir modeling. Left: The A-B cross-section of the 3D southern block HW 
reservoir model (NW-SE) through injection well Inj_well 1, showing water saturation (top) and 
pressure buildup (bottom) at 01/01/2042. Right: Changes in bottomhole pressure (BHP) and gas 
injection rate from 01/01/2022 to 01/01/2042 for case 1 with injection rate (IR) 0.7 kg/s and case 
1b with IR 1 kg/s. See Fig. 4 for the cross-section location. 
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Cases 2-1, 2-2 and 2-3 are conducted under the settings of increased porosity and permeability: 
porosity (max porosity 12%) and maximum permeability Kx (Kmax)=Ky 3 mD and maximum Kz 
0.4 mD (Table 1) that corresponds to the high-end measurements in the Covey Hill core samples 
(Tran Ngoc et al., 2014). In these cases, the reservoir is relatively less tight.  

In case 2-1, the CO2 injection rate of 4.5 kg/s (208059.1 sm3/d or 141.9 kt/yr) allows the 
continuous injection over 20 years without reaching the top limit of BHP of 420 bar (42 MPa). The 
CO2 plume is symmetric of about 750 m in diameter and 315 m of height after 20 years of injection. 

 

Fig. 6. Summary charts showing changes in bottomhole pressure, pressure around the injection 
well, gas injection rate and gas injection cumulative over 20 years of continuous injection for cases 
1, 2-1 and 3 in the 3D southern block (hanging wall) reservoir model (Tables 1-2). 
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Case 2-2 is conducted under same settings as Case 2-1 but injection is simulated in 2 wells. The 
pressure buildup occurs faster reaching the top BHP limit after 16 years of injection, but 
cumulative gas injection is 85% higher, if compared to case 2-1 with 1 injection well (Table 2). 

Case 3 is conducted under the increased porosity (max porosity 12%) and maximum permeability 
Kx (Kmax)=Ky 30 mD and maximum Kz 4 mD (Table 1) simulating the presence of open natural 
fractures in the Potsdam sandstone. In this case, the reservoir is characterized by better flow 
properties. The CO2 injection rate of 10 kg/s (462353.5 sm3/d or 315.4 kt/yr) allows the continuous 
injection over 20 years reaching the top limit of BHP of 420 bar (42 MPa) on 02/08/2040 (Fig. 6). 
The CO2 plume is symmetric of about 1000 m in diameter and 340 m of height after 20 years of 
injection. After reaching the BHP limit of 420 bar, the CO2 injection still continues but the injection 
rate is decreasing (Fig. 6). 

The total CO2 cumulative volumes after 20 years of continuous injection in all 3D reservoir 
simulation cases are summarised in Table 2. 

Table 2. Settings and gas injection cumulative for 3D reservoir simulations of CO2 injection after 
20 years of continuous injection. 

Note: In case 2-2, injection rate of 4.5 kg/s is shown per well; gas injection cumulative is indicated 
for two wells. 

The sensitivity study is conducted to analyze the effect of permeability anisotropy, when (1) Ky 
(K90) is less than Kx (Kmax), corresponding to the settings with preferable orientation of open 
natural fractures parallel to SHmax, and (2) Kz (Kv) remains very low even though horizontal 
permeability is increased. 

In case of Ky = 0.73*Kx as supported by core data, the CO2 plume is asymmetric, extending in 
the direction of higher horizontal permeability Kmax. In case of low vertical permeability (Kz = 
0.06 mD), the vertical migration of gas is restricted, and gas saturation zones are constrained to 
the perforation intervals, lateral plume size increases and CO2 injection potential is reduced. 

 

3D full-size reservoir model, settings of permeable fault 

 

The 3D full-size reservoir model includes both footwall and hanging wall (Fig. 4). It is 7850 m x 
6850 m with lateral cell size 50 m x 50 m, total number of grid nods is 4.973 M. The grid is limited 
by the top Potsdam and top basement surfaces. The cell height in the Potsdam sandstone is 
about 12 m. This model is larger in volume, if compared to 3D southern block model, and it 
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corresponds to the settings of permeable property of the fault, when fluid is allowed to flow across 
the fault. 

Case 2-3 is conducted under the settings of increased porosity and permeability, similar to cases 
2-1 and 2-2: porosity (max porosity 12%) and maximum permeability Kx (Kmax)=Ky 3 mD and 
maximum Kz 0.4 mD (Table 1) that corresponds to the high-end measurements in the Covey Hill 
core samples (Tran Ngoc et al., 2014).  

In case 2-3, the CO2 injection is simulated in one well Inj_well 1 with rate of 4.5 kg/s (208059.1 
sm3/d or 141.9 kt/yr), similar to case 2-1. The injection continues over 20 years without reaching 
the top limit of BHP of 420 bar (42 MPa). The CO2 plume is symmetric of about 746 m in radius 
and 315 m height building up around the perforation intervals (Fig. 7). The cumulative CO2 
injection after 20 years is the same as in case 2-1 (Table 2). 

 

 

Fig. 7. Case 2-3 3D reservoir modeling. Left: The A-B cross section of the 3D full reservoir model 
(NW-SE) through injection well Inj_well 1, showing water saturation (top) and pressure buildup 
(bottom) at 01/01/2042. Right: Changes in bottomhole pressure (BHP) and gas injection rate from 
01/01/2022 to 01/01/2042 for cases 2-1 and 2-3 with injection rate (IR) 4.5 kg/s. See Fig. 4 for the 
cross-section location. 
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The reservoir pressure buildup around the well (Fig. 7) in full size model with permeable fault 
(case 2-3) is 13.2% lower than in restricted model with sealing fault (case 2-1). The reservoir 
pressure in case 2-3 in full-size model with permeable fault is distributed over larger area that 
results in lower fluid pressure buildup and allows higher potential of cumulative CO2 injection, if 
compared to the southern block model with restricted area and sealing fault. 

The maximum reservoir pressure buildup Pp max in case 2-3 increases by 3.01 MPa (30.1 bar) 
in the injection well 1 and by 1.31 MPa (13.1 bar) in cells close to the fault in the hanging wall 
after 10 years of continuous CO2 injection. It increases by 3.55 MPa (35.5 bar) in the injection 
well 1 and by 2.18 MPa (21.8 bar) in cells close to the fault in the hanging wall after 20 years of 
continuous CO2 injection. The reservoir pressure increase in cells close to the fault are lower than 
pressure buildup required to induce fault shear slip reactivation, if compared to previous study 
(Konstantinovskaya et al., 2020). 

 

3D one-way coupled reservoir-geomechanical modeling 

The 3D one-way coupled geomechanical model is carried out for two time steps: step of initial 
pore pressure (01/01/2022) and step of simulated reservoir pressure buildup after 20 years of 
continuous CO2 injection (01/01/2042). The modeling was carried out for pressure buildup 
simulated in case 2-3, full size model, max porosity 12%, maximum Kmax 3 mD and CO2 injection 
rate 4.5 kg/s (Table 1). The objective of this modeling is to run 3D FEM to estimate principal total 
and effective stresses after 20-years reservoir pressure buildup and evaluate the risk of caprock 
failure and fault shear slip reactivation. 

The results of 3D one-way coupled geomechanical modeling confirm that the risk of tensile failure 
of top and bottom caprock after 20 years of continuous CO2 injection under the rate 4.5 kg/s is 
low. The effective minimum horizontal stress remains positive (Shmin eff >0) in the model, 
including Potsdam sandstone and overlying carbonate rocks. The risk of fault shear slip 
reactivation is also low as the fault plastic shear strain remains zero after 20 years of continuous 
CO2 injection under the rate 4.5 kg/s. 

Further studies: 

A sensitivity study on fault transmissibility will be carried out to include in 3D reservoir simulation 
for the case of full-size model. Non-isothermal simulation of CO2 injection is planned to conduct 
to take into account potential decrease of magnitude of horizontal stresses associated with 
temperature effect of injected cold liquefied CO2. It will help to evaluate an increased potential of 
CO2 injection.  

Conclusions 

 Porosity and permeability of the Potsdam sandstone in the study area is the best in the 
upper interval of the Covey Hill Formation based on core and well logs data in analyzed 
wells of the Gentilly Block. The presence of natural fractures can contribute to good flow 
properties of this unit.  

 A series of 3D reservoir simulations of CO2 injection is carried out in ECLIPSE under 
isothermal conditions for a range of reservoir petrophysical properties, model settings and 
injection scenarios. 
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 Safe CO2 injection rate is estimated ranging from 0.7 kg/s (22.1 kt/yr) to 10 kg/s (315.4 
kt/yr) depending on porosity and permeability of the Potsdam sandstone that varies from 
core-derived matrix (case 1) to “fracture-enhanced” values (case 3). The corresponding 
CO2 injection cumulative for 20 years ranges from 432.2 kt to 6,013.5 kt. 

 The risk of top and bottom caprock tensile failure or fault reactivation predicted by mid-
case scenario (case 2-1) is low. 

 Fault transmissibility affects pressure buildup in the reservoir. The potential of cumulative 
CO2 injection for the full-size model with permeable fault is higher due to lower fluid 
pressure buildup that is distributed over larger area, if compared to the model with 
restricted area and sealing fault. 

 Anisotropy in reservoir horizontal permeability results in asymmetric CO2 plume geometry. 
Low vertical permeability reduces CO2 injection potential and increases lateral plume size. 

 Simultaneous injection in two wells under the settings of restricted injection area (e.g., 
sealing fault) results in faster pressure build-up reaching constraint of 42 MPa (420 bar) 
of BHP 8 years earlier than in case of 1-well injection, but cumulative gas injection is 85% 
higher. 
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