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Reactive Transport Simulations

1.1 Overview

The simulations presented in section 3.2 of a previous report (McGrail et al. 2009) have been updated
to include the effect of geochemical reactions between the injected CO, and formation minerals, and
extended to longer simulation times. A description of the additional model assumptions follows in
section 0, and the details of the simulation results are presented in section 0.

1.2 Geochemical Reactions

Additional simulations considered geochemical reactions involving the minerals present in the
formation, the formation brine and injected supercritical CO,. These simulations utilized the batch
geochemistry solution module ECKEChem (Equilibrium-Conservation-Kinetic Equation Chemistry).
This add-on module to STOMP is described in an addendum to the STOMP User’s Guide (White and
McGrail 2005). '

ECKEChem uses an operator splitting reactive transport scheme. The operating splitting scheme
solves the reactive species transport separately from the reactive species chemistry equations. The
coupled nonisothermal multifluid flow and transport equations are solved sequentially with the reactive
transport equations; and the reactive transport equations are solved sequentially as two components: 1)
multifluid component and kinetic species transport and 2) batch chemistry. ECKEChem uses a
noniterative sequential solution scheme to minimize computational costs. To reduce the number of
transported species only mobile component and kinetic species are transported, which requires that
transport properties, such as diffusion and dispersion coefficients are species independent. In this
mathematical formulation reactive species are either components of the coupled flow and transport
equations (e.g., water, air, oil, CO,, CHy) or dilute solutes; where, the principal assumption associated
with dilute solutes is that phase properties are independent of solute concentrations. Reactive species that
are components of the flow and transport equations are linked to the components via source/sink terms.

The dissolution of Columbia River Basalt under mildly acidic conditions has been assumed to be
controlled by the following rate reaction:

=k, Aexp _11;;(1 (%_.Tl J (1_;(9_}10(-77171{)
ref
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where 7 is the reaction rate in mol s, 4 is the surface area in m?, k is the intrinsic rate constant in mol m™
s, E, is the activation energy in kJ mol™, R is the universal gas constant, T is temperature in degrees
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Kelvin, and m is the pH power law coefficient. The mineral composition of the basalt (Table 1), rate
parameters for the primary constituents of the basalt (Table 2), and secondary minerals that may
precipitate after injection of CO, (Table 3) are taken from laboratory experiments on Columbia River
Basalt (Schaef et al. In Press) and related batch chemistry simulations using EQ3/6 (Wolery and Jarek
2003). Kinetic data for secondary minerals were taken from published rates (Palandri and Kharaka 2004;
Xu et al. 2005). Pertinent equilibrium aqueous reactions and their equilibrium coefficients were
determined using the EQ3/6 version 8.0 COMP database (Wolery and Jarek 2003).

Initial conditions for aqueous species concentrations were based on groundwater sampling, detailed in
Appendix A of PNWD-4129, from test zone 8B. Total initial aqueous concentrations for each element
are shown in Table 5.

Table 1. Mineral Composition of Basalt

Mineral Volume Fraction Specific Gravity, g
cm”

Plagioclase 0.374 2.69

Clinopyroxene 0.191 3.37

Mesostasis 0.425 2.65

Magnetite 0.011 5.2

Table 2. Primary Mineral Kinetic Reactions

Reaction log K¢q Keer at Tre, Tres, E,,
mol m? s™! °C kJ mol™
Plagioclase + 6.186H = 1.5465 Al™" + 15.29 8.03x107° 60 4.1 0.626
0.4535Na’ + 3.093H,0 +
2.4535Si0, + 0.5465Ca™
Clinopyroxene + 4H'" = Ca*" + 0.25F¢*'+ 19.89 4.13x10% 60 78.0 0.700
0.75Mg”" + 2H,0 + 28i0x(aq)
Mesostasis + 0.8869H" = 0.429H,0 + 2.60 3.93x10® 100 30.3 0.318
0.2051 A" + 0.0378Ca*" + 0.0364F¢**
+0.0329K" + 0.0049Mg"" + f
0.0056Mn?" + 0.0693Na’ + SiO,(aq) +
0.007Ti(OH)4(aq)
Magnetite + 6H' = 3Fe’ + 0.50,(g) + 3H,0 -5.15 8.34x107! 60 18.6 0279

Table 3. Secondary Mineral Kinetic Reactions

Reaction log Keq Keer at Tres, Ter,  Ea
mol m? s™! °C kJ mol!

Anatase +2H,0 = Ti(OH)4(aq) -9.65 4.47x10% 25 37.9 0421
Beidellite-Ca + 7.32H" + = 0.165Ca*" + 4.65 1.05x10™ 25 23.6 0.340

2.33A1" + 3.67Si0,(aq)
Beidellite-K + 7.32H" + = 0.33K" + 2.33A1*" 4.43 1.05x10™! 25 23.6 0.340

+3.67Si0,(aq) 1
Beidellite-Mg + 7.32H" + = 0.165Mg*" + 4.60 1.05x10™M 25 23.6  0.340

2.33AP" + 3.67Si0,(aq)
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Calcite + H' = Ca*" + HCO5 1.70 5.01x10° 25 14.4 1.000
Chalcedony = SiO,(aq) -3.56 5.89x10™" 25 74.5  0.000
Dawsonite + 3H" = AP + Na" + HCO; 3.91 1.00x10°7 25 62.8 0.000
Dolomite + 2H" = Ca?" + Mg"" + 2HCO; 2.17 1.74x10°% 25 56.7 0.500
Rhodochrosite + H" = HCOy + Mn*" -0.32 1.02x10 25 21.0 0.900
Siderite + H' = Fe’* + HCOy -0.38 1.02x10% 25 21.0 0.900
Table 4. Equilibrium Aqueous Reactions
Reaction log K
OH +H' =H,0 -13.681
Al(OH)," + 2H" = AI*" + 2H,0 -10.032
AlO, + 4H = A" + 2H,0 21.854
AlIOH*' +H' = AI* + H,0 -4.671
HCO; + H' = CO,(aq) + H,0 -6.297
CO,” + 2H'= CO,(aq) + H,0 -16.547
CaCOjy(aq) + 2H" = CO,(aq) + Ca** + H,0 -13.126
CaHCO3+ + H' = COy(aq) + Ca** + H,0 -5.236
Fe(OH)s(aq) + 2H" = Fe?* + 0.250,(aq) + 2.5H,0 -4.807
Fe(OH), + 3H" =Fe?" + 0.250,(aq) + 3.5H,0 -14.407
FeHCO;" + H' = CO,(aq) + Fe** + H,0 -3.577
HAIO,(aq) + 3H" = AI*" + 2H,0 -15.606
HSiO5 + H' = + Si0,(aq) + H,0 -9.807
MgCOs(aq) + 2H" = CO4(aq) + Mg™ + H,0 -13.513
MgHCO;" + H' = CO,(aq) + Mg™ + H,0 -5.243
MnCOs(aq) + 2H" = CO4(aq) + Mn™ + H,0 -12.106
MnHCO," + H" = CO,(aq) + Mn*" + H,0 -5.415
MnOH' + H' = Mn*" + H,0 -10.59
NaHCO;(aq) + H" = CO,(aq) + Na" + H,0 -6.222
NaHSiOs(aq) + H" =Na" + SiO,(aq) + H;O -8.238
OH +H'=H,0 -13.681
Al(OH)," + 2H" = AP’ + 2H,0 -10.032
AlOy +4H" = AP** + 2H,0 21.854
AIOH* +H' = A" + H,0 -4.671
Table 5. Initial Aqueous Concentrations
Element Concentration,
mol/L
Al 8.48x10°
Ca 2.70x107
Fe 1.72x10°
K 6.01x10°
Mg 4.53x10°
Mn 2.57x107
Na 4.03x107
Si 1.28x107
Ti 2.26x10™°
pH 9.68
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1.3 Resuits

The total mass of CO, modeled for the injection simulations was 1000 metric tons (MT), which was
injected over a time period of either 14 or 30 days. For possible pilot study design considerations, three
different injection scenarios were considered:

e Scenario 1: simultaneous injection into the OFT, SCFT1 and SCFT2 over a period of 14 days,
e Scenario 2: injection into only the SCFT2 over a period of 14 days, and

e Scenario 3: injection into only the OFT over a period of 30 days.

1.3.1 Scenario 1: Injection into OFT, SCFT1 and SCFT2

The radius of the injected supercritical CO, from the Wallula pilot borehole well increases from 70 ft
after the active 2 weeks of injection into OFT, SCFT1 and SCFT2 to 200 ft at 6 years after the start of
injection (Figure 1). At 13 years after the start of injection the radius begins to decrease.
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Figure 1. Radii Containing 95% of 1000 MT of Supercritical CO, Injected into the Ortley, Slack
Canyon #1 and Slack Canyon #2 Flow Tops

More of the injected CO, flows into the SCFT2 (Figure 2); this zonal preferential injection of CO, is a
result of the higher permeability exhibited by SCFT?2.
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Figure2. CO, Saturation (a) 14 days and (b) 13 years after 1000 MT Supercritical CO, Injection into
the Ortley, Slack Canyon #1 and Slack Canyon #2 Flow Tops
2

After the injection o@@zﬁ CO,, CO, dissolves into the aqueous phase, up to the equilibrium
solubility limit. Aqueous CO, dissociates into bicarbonate and carbonate ions, producing H' and
lowering the pH. The pH of the residual formation water in contact with the injected CO, decreases from
an initial value of 9.6 to values as low as 4 just after injection. Over the 13-year recovery period, the pH
increases slightly to an average value of 4.9 (Figure 3). The lowered pH drives the dissolution of primary
minerals in the basalt, producing Ca*, Mg" and Fe" which combine with the aqueous CO; to form
carbonate secondary minerals. Over time, as the injected CO, spreads, allowing more CO; to dissolve;
the total amount of supercritical CO, decreases and amounts of dissolved and mineral CO, increase
(Figure 4). After 13 years, 24.8% of the injected CO, has dissolved and 24.8% has precipitated as
carbonate minerals.

The glassy mesostasis dissolves most rapidly (Figure 5) which drives the precipitation of several
secondary minerals (Figure 6). In the vicinity of the injected CO,, the most prevalent secondary
carbonate minerals are dolomite (Figure 7) and calcite (Figure 8). After 3 years, porosity changes in the
formation are slight, less than 1.86% decrease near the upper and lower edges of the injected CO, at the
caprock boundaries (Figure 9).
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Figure 3. Distribution of pH after (a) 14 days and (b) 13 years after 1000 MT Supercritical CO, Injection
into the Ortley, Slack Canyon #1 and Slack Canyon #2 Flow Tops. Ambient pH is 9.6.
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Figure 4. Mass balance of 1000 MT of CO, Injection into the Ortley, Slack Canyon #1 and Slack
Canyon #2 Flow Tops.

Wallula Basalt CO, Sequestration Pilot Study Page K.6
State Waste Discharge Permit Application ST-8110
Rev. 1, July 2010




Attachment K — Addendu.n to Preliminary Hydrogeologic Characterization Results from
the Wallula Basalt Pilot Study, PNWD-4129
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Figure 5. Change in mineral mass (total moles in model domain, negative value indicates dissolution,
positive value indicates precipitation) after 1000 MT of CO, Injection into the Ortley, Slack Canyon #1

and Slack Canyon #2 Flow Tops.
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Figure 6. Closeup of Figure 5 showing detail of minerals other than mesostasis (total moles in model
domain).
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Figure 7. Distribution of precipitated dolomite (moles m™) 13 years after 1000 MT of CO, Injection into
the Ortley, Slack Canyon #1 and Slack Canyon #2 Flow Tops.
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Figure 8. Distribution of precipitated calcite (moles m™) 13 years after 1000 MT of CO, Injection into
the Ortley, Slack Canyon #1 and Slack Canyon #2 Flow Tops.
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Figure 9. Porosity change (%) in formation 13 years after 1000 MT of CO, Injection into the Ortley,
Slack Canyon #1 and Slack Canyon #2 Flow Tops.
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The density of the injected supercritical CO, is 60% of that exhibited by groundwater at the
prevailing formation temperature and pressure conditions. Because supercritical CO, does not displace
all of the groundwater within the formation pore space, and a significant amount of the supercritical CO,
has dissolved or precipitated, the average fluid-density contrast is 75% to 100% of that exhibited by the
initial formation water after 14 days (Figure 10a) and 90% to 100% that of initial formation water after 13

years (Figure 10b).
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Figure 10. Fluid Density (kg/m’) in the Ortley, Slack Canyon #1, and Slack Canyon #2 Flow Tops (a)
14 days and (b) 13 years after start of 1000 MT Supercritical CO, Injection
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1.3.1.1  Scenario 2: Injection into Slack Canyon #2 Flow Top (SCFT2)

The radius of the injected supercritical CO, from the Wallula pilot borehole well increases from 75 ft
after the active 2 weeks of injection into SCFT2 to 210 ft at 6.25 years after the start of injection
(Figure 11). At 13 years after the start of injection the radius begins to decrease.
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Figure 11. Radii Containing 95% of 1000 MT of Supercritical CO, Injected into the Slack Canyon #2
Flow Top

Because most of the CO, injected in the previous Scenario 1 ended up in the SCFT2, a simulation

assuming all CO, is injected directly into the SCFT2 does not produce significantly different results
(Figure 12).
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Figure 12. CO, Saturation (a) 14 days and (b) 13 years after 1000 MT Supercritical CO, Injection into
the Slack Canyon #2 Flow Top

After the injection of supercritical CO,, CO, dissolves into the aqueous phase, up to the equilibrium
solubility limit. Aqueous CO, dissociates into bicarbonate and carbonate ions, producing H" and
lowering the pH. The pH of the residual formation water in contact with the injected CO, decreases from
an initial value of 9.6 to values as low as 4 just after injection. Over the 13-year recovery period, the pH
increases slightly to an average value of 4.9 (Figure 13). The lowered pH drives the dissolution of
primary minerals in the basalt, producing Ca’, Mg" and Fe" which combine with the aqueous CO, to form
carbonate secondary minerals. Over time, as the injected CO, spreads, allowing more CO, to dissolve;

ke
the total amount of supercritical CO, decreases and amounts of dissolved and mineral CO, increase—- 4;7 )) 3

(Figure 14). After 13 years, 2Wf the injected CO, has dissolved and@%’mcipitated as
carbonate minerals.

5
bl o

The glassy mesostasis dissolves most rapidly (Figure 15) which drives the precipitation of several gV\P » &

secondary minerals (Figure 16). In the vicinity of the injected CO,, the most prevalent secondary
carbonate minerals are dolomite (Figure 17) and calcite (Figure 18). After 3 years, porosity changes in
the formation are slight, less than 1.15% decrease near the upper and lower edges of the injected CO, at
the caprock boundaries (Figure 19).
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Figure 13. Distribution of pH after (a) 14 days and (b) 13 years after 1000 MT Supercritical CO,
Injection into the Slack Canyon #2 Flow Top. Ambient pH is 9.6.
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Figure 14. Mass balance of 1000 MT of CO, Injection into the Slack Canyon #2 Flow Top.
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Figure 15. Change in mineral mass (total moles in model domain, negative value indicates dissolution,
positive value indicates precipitation) after 1000 MT of CO, Injection into the Slack Canyon #2 Flow

Top.
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Figure 16. Closeup of Figure 15 showing detail of minerals other than mesostasis (total moles in model

domain).
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Figure 17. Distribution of precipitated dolomite (moles m™) 13 years after 1000 MT of CO, Injection
into the Slack Canyon #2 Flow Top.

Time=1.300000E+01, yr

UFI

-2600 SCFT3

SCFI3

SCFT2

SCFi2
SCFT1
SCFIt

B OFT

200 400
Radial Distance From Well, ft

Figure 18. Distribution of precipitated calcite (moles m™) 13 years after 1000 MT of CO, Injection into
the Slack Canyon #2 Flow Top.
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Figure 19. Porosity change (%) in formation 13 years after 1000 MT of CO, Injection into the Slack
Canyon #2 Flow Top.

The density of the injected supercritical CO, is 60% of that exhibited by groundwater at the
prevailing formation temperature and pressure conditions. Because supercritical CO, does not displace
all of the groundwater within the formation pore space, and a significant amount of the supercritical CO,
has dissolved or precipitated, the average fluid-density contrast is 75% to 100% of that exhibited by the
initial formation water after 14 days (Figure 20a) and 90% to 100% that of initial formation water after 13
years (Figure 20b).
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Figure 20. Fluid Density (kg/m®) in the Slack Canyon #2 Flow Top (a) 14 days and (b) 13 years after
start of 1000 MT Supercritical CO, Injection
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1.3.1.2  Scenario 3: Injection into Ortley Flow Top (OFT)

The radius of the injected supercritical CO, from the Wallula pilot borehole well increases from 90 ft
after the active 30 days of injection into OFT to 170 ft at 18 years after the start of injection (Figure 21).
At 37 years after the start of injection the radius begins to decrease. The lower permeability of the OFT
results in a longer time for the plume to stop spreading.
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Figure 21. Radii Containing 95% of 1000 MT of Supercritical CO, Injected into the Ortley Flow Top

Although the OFT is thinner than the SCFT2 with identical porosity, the lower permeability of the
OFT results in a more compact CO, plume (Figure 22).
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Figure 22. CO, Saturation (a) 14 days and (b) 37 years after 1000 MT Supercritical CO, Injection into

the Ortley Flow Top

After the injection of supercritical CO,, CO, dissolves into the aqueous phase, up to the equilibrium
solubility limit. Aqueous CO, dissociates into bicarbonate and carbonate ions, producing H' and
lowering the pH. The pH of the residual formation water in contact with the injected CO, decreases from
an initial value of 9.6 to values as low as 4 just after injection. Over the 37-year recovery period, the pH
increases slightly to an average value of 4.9 (Figure 23). The lowered pH drives the dissolution of
primary minerals in the basalt, producing Ca*, Mg" and Fe" which combine with the aqueous CO, to form
carbonate secondary minerals. Over time, as the injected CO, spreads, allowing more CO, to dissolve;
the total amount of supercritical CO, decreases and amounts of dissolved and mineral CO, increase
(Figure 24). After 37 years, 18.9% of the injected CO, has dissolved and 44.3% has precipitated as
carbonate minerals.

The glassy mesostasis dissolves most rapidly (Figure 25) which drives the precipitation of several
secondary minerals (Figure 26). In the vicinity of the injected CO,, the most prevalent secondary
carbonate minerals are dolomite (Figure 27) and calcite (Figure 28). After 3 years, porosity changes in
the formation are small, less than 2.18% decrease near the upper and lower edges of the injected CO, at
the caprock boundaries (Figure 29).
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Attachment K — Addenaum to Preliminary Hydrogeologic Characterization Results from
the Wallula Basalt Pilot Study, PNWD-4129
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Figure 23. Distribution of pH after (a) 14 days and (b) 37 years after 1000 MT Supercritical CO,
Injection into the Ortley Flow Top. Ambient pH is 9.6.
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Figure 24. Mass balance of 1000 MT of CO, Injection into the Ortley Flow Top.
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Attachment K — Addeh..um to Preliminary Hydrogeologic Churacterization Results from
the Wallula Basalt Pilot Study, PNWD-4129
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Figure 25. Change in mineral mass (total moles in model domain, negative value indicates dissolution,
positive value indicates precipitation) after 1000 MT of CO, Injection into the Ortley Flow Top.
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Figure 26. Closeup of Figure 25 showing detail of minerals other than mesostasis (total moles in model
domain).
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Attachment K — Addenaum to Preliminary Hydrogeologic Cﬁaracterization Results from
the Wallula Basalt Pilot Study, PNWD-4129
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Figure 27. Distribution of precipitated dolomite (moles m™) 37 years after 1000 MT of CO, Injection
into the Ortley Flow Top.
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Figure 28. Distribution of precipitated calcite (moles m™) 37 years after 1000 MT of CO, Injection into
the Ortley Flow Top.
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Attachment K — Adder..um to Preliminary Hydrogeologic Cha.'acterization Results from
the Wallula Basalt Pilot Study, PNWD-4129
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Figure 29. Porosity change (%) in formation 37 years after 1000 MT of CO, Injection into the Ortley

Flow Top.

The density of the injected supercritical CO, is 60% of that exhibited by groundwater at the
prevailing formation temperature and pressure conditions. Because supercritical CO, does not displace
all of the groundwater within the formation pore space, and a significant amount of the supercritical CO,
has dissolved or precipitated, the average fluid-density contrast is 75% to 100% of that exhibited by the
initial formation water after 14 days (Figure 30a) and 90% to 100% that of initial formation water after 37

years (Figure 30b).
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Figure 30. Fluid Density (kg/m®) in the Ortley Flow Top (a) 14 days and (b) 37 years after start of 1000
MT Supercritical CO, Injection
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Attachment K - Addenuum to Preliminary Hydrogeologic Characterization Results from
the Wallula Basalt Pilot Study, PNWD-4129

1.3.2 Summary and Conclusions

For 1000 MT of supercritical CO, injected into the 3 flow tops (OFT, SCFT1, SCFT2) or the SCFT2
alone, the radii begins to decrease after 13 years. For 1000 MT of supercritical CO, injected into the OFT
alone, the radii begins to decrease after 37 years. Significant amounts of CO, are sequestered both as
dissolved CO, and in carbonate minerals (Table 6). In all cases, localized changes in formation porosity
are low over the time periods considered. The porosity change is lowest in the highest permeability
formation, because the injected CO, spreads further.

Table 6. Phase distribution of, and porosity change due to 1000 MT of supercritical CO, injection once
radius has begun to decrease.

Scenario Time, Target Injection Supercritical Dissolved Mineral Maximum
yr Formation Duration, CO,, % CO,, % CO,, %  Porosity
days Change, %
1 13 SCFT2, 14 50.4% 24.8% 24.8% 1.86
SCFT1, :
OFT
2 13 SCFT2 14 51.0% 24.6% 24.4% 1.15
3 37 OFT 30 36.7% 18.9% 44.3% 2.18
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