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Introduction

EnCana’s CO2 injection EOR project at Weyburn (Saskatchewan, Canada) is the focal point of a multi-faceted research program sponsored by IEA GHG R&D and numerous international industrial and government partners including the European Community (BGS, BRGM, INGV, GEUS and Quintessa Ltd. as research providers), to find co-optimization between “CO2-EOR Production” and “CO2-Geological Storage”, addressed to environmental purposes, in the frame of the Kyoto Agreement Policies.
The Weyburn oil-pull is recovered from Midale Beds (at the depth of 1300-1500 m). This formation consists of Mississippian shallow marine carbonate-evaporites that can be subdivided into two units: i) the dolomitic “Marly” and ii) the underlying calcitic “Vuggy”, sealed by an anhydrite cap-rock. Presently, around 3 billions mc of supercritical CO2 have been injected into the “Phase A1” injection area that includes around 90 oil producers, 30 water injectors and 30 CO2 injection wells, build up since September 2000. Canadian research providers, flanked by INGV, carried out a full geochemical monitoring program -approximately thrice yearly from pre-injection (“Baseline” trip, August 2000) to September 2004. The merged experimental data are the base of the present geochemical modeling, a theoretical model able to predict the evolution in time of the analytical data taking into account the amount of injected (5,000 ton/day) CO2 being the main goal of the present study. Refinement of the geochemical data set and application of the proposed method to other Canadian sparse/non ultimate data is auspicial. In the past, assumptions and gap-acceptance have been made in the literature in the frame of the geochemical modeling of CO2 geological storage, in order to reconstruct the reservoir conditions (pressure, pH, chemistry, and mineral assemblage). As most part of strategic geochemical parameters of deep fluids cannot always be measured in-situ and at low cost, this information as a whole must be computed by a posteriori procedure involving as input the experimental semi-reliable analytical data. On the other hand, only a repetitive/wide sampling scheduling of the oil fields following some spot 

baseline/step benchmark  “Schlumberger” (or “U”) in-situ sampling may be the correct bivalent approach. Despite the medium-quality experimental data-set available, in this work we propose a new approach to geochemical modeling in order to: i) reconstruct the in-situ reservoir chemical composition and evolution (including pH) and ii) evaluate the boundary conditions (e.g., growing the pressure as sum of n moles building up of pCO2, pH2S), necessary to implement the reaction path modeling. This is the starting point to assess the geochemical impact of CO2 into the oil reservoir and, as main target, to quantify water-gas-rock reactions vs. time (i.e. 100 years or at the final equilibrium after 10 Ka). 

RECONSTRUCTION OF THE IN-SITU RESERVOIR COMPOSITION (60 °c, 150 BARS)

Our geochemical modeling procedure is based on the available data, such as: a) bulk mineralogy of the Marly and Vuggy zones by a distinct step-by-step modeling; b) mean gas-cap composition at the well-heads and c) selected pre- and post-CO2 injection water samples from Vuggy and Marly, minimizing the effects of the past 30-years of water flooding in the oil field. The geochemical modeling has been performed by using the code PRHEEQC (V2.11) software package; the in-situ reservoir composition was calculated by the chemical equilibrium among the various phases at reservoir temperature (62 °C) and pressure (150 bars) via thermodynamic corrections to the code default database. Some solid phases, such as dawsonite, magnesite, epsomite and KAlSO4 were added and the CO2 supercritical fugacity and solubility (Duan et alii, 1992; Duan & Sun, 2002), under reservoir conditions were considered; in some cases several kinetic rate equations (e.g. USGS open file report 2004-1068) were introduced. Successively, the “primitive brine” chemical composition of the pre-injection reservoir liquid phases for the Marly and Vuggy units was derived. The “primitive” composition was obtained by geochemical modeling assuming the equilibrium conditions for the mineral assemblage with respect to a Na-Cl (Cl/Na=1.2) water. A comparison between the chemical composition of the “primitive brine” with that measured before the CO2 injection is shown in Figure 1. Since the process considered in this part of the model is substantially in equilibrium, there is a good agreement between the calculated and the measured values (Fig. 1).
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Figure 1. Comparison between the calculated “primitive brine” and the measured pre-injection reservoir composition of Marly (up) and Vuggy (down) waters.

An Inverse Modeling Simulation (IMS) calculated between the “primitive” composition and the latest analytical data  (2004 survey) was carried out to calculate the amount of mass transfer of liquid, gas and solid phases that accounted for changes in the water chemistry between the 2000 and 2004 data-sets, to obtain an evaluation of the alteration induced in the reservoir by CO2 injection.

KiNETIC simulation 

We have also modeled the geochemical impact of the CO2 injection on Weyburn reservoir subjected to both the local equilibrium and the kinetically controlled reactions, adding new kinetic constants, equations and specific surfaces area (SA), for some listed minerals (Table 1), to the standard PHREEQC kinetic data (. Data are presented for both Marly and Vuggy units of the Midale Beds, differentiated for their mineralogical composition. The selection of thermodynamic data was done in order to maintain an internal coherence of the data set as a whole, when possible, by selecting only thermo-chemical measurements  pertaining to the same research team, due to a high variability of the available data, e.g. dolomite Ksp (Sherman and Barak 2000). We avoided water/gas/rock ratios obtained by experimental runs often realized by using high unrealistic gas(CO2)/rock ratios. Thermo-kinetic modeling of the evolution of the CO2-rich Weyburn brines interacting with the host-rock minerals, performed over 100 years after injection, confirms that “solubility trapping” is prevailing in this early stage of CO2 injection. Differently, to the equilibrium conditions (>10 Ka), calculated by applying with the same method exhibited a different mineralogical changes, maintaining the same foreseen reservoir conditions (62 oC, 150 bar). 
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Figure 2. Comparison of the mineralogical changes at reservoir conditions (62 °C, 150 bars) due to CO2 injection after 100 years of kinetic calculation. We do not show the same figure for the equilibrium conditions (> 10 Ka)
Despite the comparison between the kinetically modeled “primitive brine” with the available semi-reliable experimental data started with this study,   it is  to be refined for the period 2000-2004.  Anyway, up to date, the results of 100 years kinetic model for Marly (red) and Vuggy (green) units are shown in Figure 2: first interesting correlation and validation were found. Dissolution/precipitation  of K-feldspar and kaolinite and precipitation of chalcedony occur, calcite tends to be dissolved as CO2 solubilizes, whereas dolomite dissolution can be considered negligible. Dawsonite precipitates as secondary mineral. The solubility trapping (short/medium-term sequestration) gives an amount of dissolved CO2 of 0.76 moles and 0.87 moles for Marly and Vuggy units, respectively. The mineralogical trapping, calculated as difference between dissolved and precipitated carbonate minerals, is +0.015 moles and –0.0002 moles for Marly and Vuggy units, respectively. 


Table 1.
Mineralogical Composition of the Marly and Vuggy reservoirs used for the modeling, the specific surface area and the sources of kinetic rate data. (* = secondary mineral phases).
ConclusionS

The Weyburn oil-brines reservoir was interested by a chemical evolution by the daily injection of CO2 from 2000 to 2004, confirming previous literature. A new  geochemical modeling approach, including kinetic calculations by inserting  new minerals in the data-base, was developed. Low cost, multi-variable-multi-sites monitoring must be coupled with high-cost “in situ” multiphase “punctual” periodic monitoring. The proposed method and the kinetic approach is very promising (considering also the PHREEQC intrinsic limits, mostly in the pressurization and data set and the semi-reliable analytica data, mostly in the gas phases) is to be implemented and further constrained.
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Mineral phases�
% w/w�
Amount present


mole/kgw�
Specific surface area


m2/g�
Source of kinetic rate data�
�
�
M�
V�
M�
V�
M�
V�
�
�
Calcite�
14.5�
93.5�
8.08�
87.35�
0.034�
0.015�
Plummer et alii, 1978�
�
Chalcedony�
0.5�
0.5�
0.44�
0.74�
0.038�
0.015�
Icenhower and Dove, 2000�
�
Dolomite�
80�
3�
52.1�
3.27�
0.105�
0.014�
Busemberg and Plummer, 1982�
�
Dawsonite*�
-�
-�
-�
-�
0.140�
0.019�
Johnson et alii, 2001�
�
Gypsum�
3�
0�
0.84�
-�
0.003�
-�
Jeschke et alii, 2001�
�
Anhidrite�
-�
2�
-�
1.52�
-�
0.013�
Dove and Czank, 1995�
�
Kaolinite�
0.25�
0*�
0.05�
-�
2.317�
0.015�
e.g. Ganor et alii, 1995�
�
Pyrite�
0.5�
0.5�
0.59�
1.00�
0.012�
0.008�
McKibben and Barnes, 1986�
�
K-feldspar�
1.25�
0.5�
0.25�
0.17�
0.175�
0.015�
Sverdrup, 1990�
�
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