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(approximately 70% CO, and 30% H,S) injection for the simultaneous purpose of enhanced oil recovery (EOR), H,S

disposal, and sequestration of CO,. The Plains CO, Reduction (PCOR) Partnership has conducted MMV activities at the |
site throughout this period while Apache Canada Ltd. has undertaken the injection and hydrocarbon recovery processes. ‘ l t t ® 4 03 693 7 53 1 l ll d t h
This project has been conducted as part of the US Department of Energy (USDOE) and National Energy Technology [ On ac ® () () mc e an a Vgeo ec .Com
Laboratory (NETL) Regional Partnership Program and includes the participation of Natural Resources Canada, the |

Alberta Department of Energy, the Alberta Energy & Utilities Board and the Alberta Geological Survey.

In an effort to research caprock integrity and the risk of leakage during these field operations a first order geomechanical
characterization has been undertaken of the injection reservoir, comprising the Keg River Formation and its Zama
Member, and the overlying Muskeg Formation caprock. This poster will summarize key data obtained from a laboratory
and wireline log-based analysis of the petrophysical and mechanical properties, and the in-situ stress state in this setting.

Vertical stress estimates were determined by integrating bulk density logs in the area, while accounting for the unlogged o _

portion above the surface casing shoe. Horizontal stress magnitudes in the caprock and reservoir were estimated from ppeet) Sapeas , . . , Injection
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extended leak-off test have not been conducted in the caprock to date in this field. Minimum and maximum in-situ | o | i g == b :- s 5 | ! ! & =12.418 MPa @ = 53.38° Muskeg Formation Anhydrite c= 6497 MP3 @ = 44,169 Muskeg Formation Anhydrite I @ 2BV, k=464 mD
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horizontal principal stress orientations in the Zama field and surrounding area, measured within and above the injection | P i . & N - | i a | | r | 'E'fhi;t;ri-ﬁfa:’i'gﬂuﬁcz A Peak Mohr-Coulomb Envelope UCS = 30,73 MPa o = 34.86° Residual Mohr-Coulomb Envelope ‘= 3BV k=959 mD § T Channel

interval, were determined from borehole breakouts. = Sl | : . 5 == | | Number of Tests =4 rz2 = 0,94 Laboratery Triaxjs/UCS Thst Deto —8 4BV, k=1744mD : : :
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Vertical and horizontal in-situ stress changes have occurred within the reservoir and surrounding caprock due to initial
production in the pinnacle reef, subsequent water flooding, and most recently acid gas injection. The prediction of these
stress changes is a complex function of the reef geometry, the poro-elastic response of the reservoir, pore pressure
changes over time in the reef and reservoir, and possibly temperature changes. For this poster, only the horizontal stress
changes due to poro-elastic effects have been considered. 3D geomechanical modelling will be used to simulate the more
complex problem once the mechanical properties and in-situ stresses are adequately constrained.
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Basic porosity and unstressed permeability distributions from two cored intervals through the Zama Member and Keg
River Formation in two pinnacle reefs in the setting are summarized. Ultrasonic shear and compressional wave velocity
measurements have been made under unconfined and confined stress conditions on anhydrite and dolomite from the
Muskeg Formation caprock. Triaxial rock strength and unconfined compressive strength (UCS) tests are summarized
using Mohr Coulomb and Hoek Brown failure criteria. Static and dynamic elastic properties measured under anisotropic
stress conditions are compared. A Schmidt rebound hammer was used to develop a profile of pseudo-static Young’s
moduli and UCS though the Muskeg Formation caprock and portions of the Keg River Formation in two wells.
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Dynamic log-derived elastic properties and their static equivalents were determined for the Muskeg and Keg River | : _ i L . _ - | ' 80 100 120 140 160 180 200 220 240 260 280 Normal Stress, o' (MPa) Pore Pressure (MPa)
Formations in two wells. In order to do this a synthetic shear velocity relationship was developed using recent data from ; : : : ; Normal Stress, o (MPa) -

an offset well in the region. These log-derived properties are compared to the static laboratory and Schmidt hammer | - . = |E 1 E § > i onisinnomie e it o : : —— Mahr-Coulomb Failure Criterion
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| Relationship between PVC and pore pressure during uniaxial pore volume compressibility
| testing of vuggy dolomite from the Keg River Formation reservoir, Apache Zama 6-4-116-6W6.
Sample porosities 18-21%. Confining pressure held constant at 31.9 MPa.

derived data. Pore volume compressibility tests were also made on a select number of core plugs of the Keg River _ Tl - : < S < |E. \ us and on C 15038 MPa @ = 51,980 Muskeg Formation Dolomite el ale.08 MEs oo 40 oiro Keg River Formation Dolomite
Formation under relevant reservoir pore pressure and stress conditions, along with stress-dependent permeability and . - o - - 1. 1= | | oy . . a T | UCS = 115.724 MPa  a = 38.239 Peak Mohr-Coulomb Envelope Laboratory Triaxial/UCS Test Data| Peak Mohr-Coulomb Envelope
elastic properties. Statistical relationships describing the petrophysical and mechanical properties of the rocks | ' ] o | A SRR Y § gt S s g Tr‘i"“_%a}% Humbiar-of Tasts -3y r>-=0:86
investigated in this study are presented. Key learnings with regard to the heterogeneity of the vuggy dolomitic reservoir | ' | '

versus the evaporitic caprock are highlighted.
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The data presented in this poster have a variety of applications to EOR and CO, sequestration in pinnacle reefs of the
type being investigated in the Zama field. In addition to caprock integrity, the data can be used to assess optimal
injection strategies, design well drilling, completion and stimulation programs, develop and interpret reservoir
monitoring data, and conduct coupled geomechanical-reservoir simulation studies of acid gas injection.
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Summary of Calculated Dynamic Elastic Rock Properties From
Unstressed Ultrasonic Velocity Apache Zama 6-4-116-6\W6
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Laboratory —p  Key properties: permeability, threshold pressure,

Testing elastic & strength properties, etc.. | A schematic southwest-northeast cross-section of a typical Devonian pinnacle reef in the Zama field, Cross plot of measured Vp/Vs data from unstressed ultrasonic compressional and shear velocity testing of 14 Muskeg Formation and 2 Keg River Formation core

| northwest Alberta. This figure shows the three strata of interest in this study: the Muskeg Formation & plugs of dolomite and anhydrite lithologies taken from ACL Zama 6-4-116-6W6 (1510.16 — 1522.70 mKB MD). AG sample number for each data point is shown.
| (caprock), the Zama Member (dolomite) denoted as the “Z” marker, and the Keg River Formation (reservoir). | , -

In-Situ —»  Formation pressures, in-situ stresses (logs, | Source: Apache Canada Ltd.
Characterization Injection tests), discontinuities, logging...

Muskeg Fm Anhydrite
Cp =124 MPa ¢ =53°

Regional Data (B) Single Well Data | To assess the magnitude of stresses developed in the reservoir and the caprock as a consequence of initial

Anhydrite Dolomite Vu Dolomite
y 99y (A) oil production, subsequent waterflooding, and more recently acid gas injection we are using the
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fag. Dev. 7 N geomechanical simulation code FLAC developed by Itasca. In-situ stresses, formation pressures and

Peak Cohesion 12.4 MPa 19.9 MPa 3.6 MPa S —\ : | mechanical properties described in this poster are used to make deterministic predictions of
*——N .| deformations, induced normal and shear stresses, and to assess the propensity for fault re-activation or

Residual Cohesion 6.5 MPa 3 , ‘\\ || movements on natural fractures. The figure above is a preliminary model of shear stresses which develop

Numencal Predict i 8 " ' | | - _E E_ B ' . adjacent to the F pool pinnacle reef at a reservoir pressure of 28 MPa. Vertical exaggeration is 2:1.
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Shear Stress (MPa)

Residual Friction Angle 44° -

: _ Maximum = 89.1 GPa ~ ; ] : - e .
- - i . g 'y . - Maximum = 82.8 GPa d ¥ : : ' Calculated UCS 75 MPa 115 MPa . :
Analysis & Comparison to analogs, caprock & casing S 4.29IM A | 1 | |Std. Dev. = 10.3 GPa Std. Dev. = 9.5 GPa | . i i i i . N\ | Key Conclusions to Date

Interpretation integrity, surface uplift, RISK assessment n = number of tests

—_
N

' ' ; : Old core from initial wells drilled in the Zama field (circa 1967) can be used to measure
4'0 S (;0 S S represeptative rock mechanical and acoustic properties in the laboratory, for these relatively stiff
5 reservoir and caprock strata.
Normal Stress (MPa) Correlations between log-derived dynamic, static laboratory and dynamic laboratory elastic and
v Fren 3 ' Lrentennn | strength properties have been developed for the reservoir and caprock units of interest in this setting.
Caprock leakage potential due to a geomechanical mechanism appears to be very low at the F-Pool

pilot setting, based on data analyzed to date.
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| Zama area. Source: Geological Atlas of the WCSB (Bell, McLellan and Price, 1994). (B) Roseplot of borehole ]
| breakouts corresponding to the orientations of the minimum horizontal stress in Fort Simpson Formation Related Work in Progress or Proposed

shales, Dome Zama 11-24-116-6W6, 1075 to 1444 mKB TVD.
Additional rock mechanical, relative permeability and capillary threshold pressure measurements in

the Muskeg Formation caprock.
Small volume micro-frac in-situ stress tests in the Muskeg caprock and, ideally, the Keg River

l : (A) Roseplot of regional minimum horizontal stress orientations as determined from borehole breakouts in the
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