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SUMMARY
The aim of this deliverable 2.9 is to report on geological, geochemical, and reservoir models and
injection modelling for each of the four demonstration sites prior to any field demostration. The work
is based on tasks 2.1 and 2.3. The deliverable is divided into four specific chapters, one for each of the
sites. An introduction to the site, including the geological settings is provided, followed by the main
results of the modelling using different modelling softwate such as TOUGH, PHREEQC and Leapfrog.
This deliverable will serve as a base to prepare for the field demonstrations. The models will be
updated with data collected during the demonstrations where applicable.

5

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

CONTENTS
SUMMARY ............................................................................................................................................................................... 5
1.

INTRODUCTION ............................................................................................................................................................ 23

2.

ICELAND DEMO SITE ..................................................................................................................................................... 24
2.1

GEOLOGY OF THE HENGILL VOLCANIC SYSTEM ................................................................................................................ 24

2.2

GEOLOGICAL MODELLING ........................................................................................................................................... 26

2.2.1

Data ................................................................................................................................................................. 26

2.2.2

Construction of a geological model of Nesjavellir ........................................................................................... 35

2.2.2.1

The construction of a full-field Nesjavellir geological model ................................................................................... 35

2.2.2.2

The construction of a sector model focusing on NJ-18 ............................................................................................ 38

2.2.3

Results ............................................................................................................................................................. 46

2.2.3.1

3-D geological full field model of Nesjavellir ............................................................................................................ 46

2.2.3.2

3-D sector model with deducted relative permeability ........................................................................................... 51

2.3

RESERVOIR MODELLING ............................................................................................................................................. 52

2.3.1

Methodology ................................................................................................................................................... 52

2.3.2

Model calibration ............................................................................................................................................ 55

2.3.3

Dual Porosity ................................................................................................................................................... 59

2.3.4

Conversion from the 3-D flow model to 1-D flow models ............................................................................... 64

2.3.4.1

The 1-D flow track outside the fissure ..................................................................................................................... 65

2.3.4.2

The 1-D flow track within the fissure ....................................................................................................................... 68

2.3.5
2.4

Summary ......................................................................................................................................................... 70
REACTION PATH MODELLING ....................................................................................................................................... 71

2.4.1

Introduction ..................................................................................................................................................... 71

2.4.2

The Nesjavellir reservoir fluid chemistry ......................................................................................................... 71

2.4.3

Geochemical model ......................................................................................................................................... 72

2.4.3.1

Reaction path simulation ......................................................................................................................................... 72

2.4.3.2

Reactive transport modelling ................................................................................................................................... 74

2.4.4

2.4.4.1

The pH evolution ...................................................................................................................................................... 75

2.4.4.2

The secondary mineral assemblages ........................................................................................................................ 77

2.4.4.3

The CO2 and H2S mineralization efficiency ............................................................................................................... 79

2.4.4.4

The CO2 carbonatization during CO2-H2S-secondary minerals interaction............................................................... 81

2.4.4.5

The mixing modelling ............................................................................................................................................... 83

2.4.4.6

The reactive transport modelling ............................................................................................................................. 83

2.4.5

2.5

Results ............................................................................................................................................................. 75

Discussion and summary ................................................................................................................................. 86

2.4.5.1

Uncertainties during the reaction path modelling ................................................................................................... 86

2.4.5.2

The modelling of the GECO injection site ................................................................................................................. 86

REACTION TRANSPORT MODELLING .............................................................................................................................. 87
6

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

3.

2.5.1

Model Parameters ........................................................................................................................................... 87

2.5.2

Simulation results and discussion .................................................................................................................... 90

2.5.3

CO2 efficiency/mineralization .......................................................................................................................... 95

2.5.4

Conclusions ...................................................................................................................................................... 96

2.6

THE CONCEPTUAL MODEL FOR THE INJECTION OF THE GAS MIXTURE .................................................................................... 97

2.7

REFERENCES ............................................................................................................................................................ 99

TURKEY DEMO SITE .................................................................................................................................................... 107
3.1

GEOLOGICAL MODELLING ......................................................................................................................................... 107

3.1.1

Methodology ................................................................................................................................................. 107

3.1.1.1
3.1.1.1.1

Well Information ............................................................................................................................................... 107

3.1.1.1.2

Stratigraphy of Kızıldere .................................................................................................................................... 108

3.1.1.1.3

Tectonic Setting of Kızıldere .............................................................................................................................. 111

3.1.1.2

3.1.2

Data ........................................................................................................................................................................ 107

Construction of geological model of Kızıldere ........................................................................................................ 114

Results ........................................................................................................................................................... 116

3.1.2.1

3-D Geological Model ............................................................................................................................................. 116

3.1.2.2

Geological Structure of Sector Model .................................................................................................................... 118

3.2

RESERVOIR MODELLING ........................................................................................................................................... 120

3.2.1

Methodology ................................................................................................................................................. 121

3.2.1.1

Permeability estimation ......................................................................................................................................... 121

3.2.1.2

Reservoir sector model .......................................................................................................................................... 123

3.2.2

Results ........................................................................................................................................................... 124

3.2.2.1

Estimated permeability from mud-loss data .......................................................................................................... 124

3.2.2.2

The sensitivity of the sector model to permeability ............................................................................................... 125

3.2.3
3.3

Summary ....................................................................................................................................................... 130
GEOCHEMICAL MODELLING ...................................................................................................................................... 130

3.3.1

Geochemical mixing model ........................................................................................................................... 131

3.3.1.1
3.3.1.1.1

CO2 injection design .......................................................................................................................................... 131

3.3.1.1.2

Surface mixing ................................................................................................................................................... 132

3.3.1.1.3

Reservoir mixing ................................................................................................................................................ 132

3.3.1.2

Results .................................................................................................................................................................... 132

3.3.1.2.1

Geochemical characteristics of CO2 charged injection water ............................................................................ 132

3.3.1.2.2

The computed ﬂuid compositions of the mixture in the absence of water-rock interaction ............................ 137

3.3.1.3

3.3.2

Methodology .......................................................................................................................................................... 131

Summary ................................................................................................................................................................ 139

Reaction path modeling ................................................................................................................................ 139

3.3.2.1

Methodology .......................................................................................................................................................... 140

3.3.2.1.1

Kinetic rate laws and mineral contents of rocks ................................................................................................ 140

3.3.2.1.2

The grain size of minerals and specific surface area ......................................................................................... 141

3.3.2.1.3

Equilibrium and Kinetic Reactions in a Batch System ........................................................................................ 143

3.3.2.2

Results .................................................................................................................................................................... 144
7

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021
3.3.2.3

3.3.3

Reactive Transport Modeling ........................................................................................................................ 147

3.3.3.1

Methodology .......................................................................................................................................................... 148

3.3.3.1.1

1-D reactive transport ....................................................................................................................................... 148

3.3.3.1.2

3-D Sector model ............................................................................................................................................... 149

3.3.3.2

Results .................................................................................................................................................................... 151

3.3.3.2.1

1-D reactive transport model results................................................................................................................. 151

3.3.3.2.2

Sector model results .......................................................................................................................................... 157

3.3.3.3

4.

Summary ................................................................................................................................................................ 147

Summary ................................................................................................................................................................ 168

3.4

THE CONCEPTUAL MODEL FOR THE INJECTION OF THE GAS MIXTURE .................................................................................. 169

3.5

CONCLUSIONS........................................................................................................................................................ 170

3.6

REFERENCES .......................................................................................................................................................... 171

ITALY DEMO SITE ........................................................................................................................................................ 174
4.1

GEOLOGICAL MODELLING ......................................................................................................................................... 175

4.1.1

Geological setting and geothermal implication ............................................................................................ 175

4.1.2

Methodology ................................................................................................................................................. 177

4.1.2.1

Geomodelling ......................................................................................................................................................... 177

4.1.2.2

Way of working ...................................................................................................................................................... 178

4.1.2.3

Data ........................................................................................................................................................................ 178

4.1.2.3.1

Borehole information ........................................................................................................................................ 179

4.1.2.3.2

Stratigraphy of Castelnuovo-Mensano (Qualtra) .............................................................................................. 182

4.1.2.3.3

Castelnuovo-Mensano (Qualtra) fault network................................................................................................. 182

4.1.2.4

Construction of the geological model in Castelnuovo-Mensano (Qualtra) ............................................................ 184

4.1.2.5

Geophysical insights ............................................................................................................................................... 185

4.1.2.5.1

Magnetotelluric outcomes ................................................................................................................................ 185

4.1.2.5.2

Density and magnetization models ................................................................................................................... 188

4.1.2.5.3

Cluster analysis .................................................................................................................................................. 188

4.1.2.5.4

Background........................................................................................................................................................ 189

4.1.2.5.5

Results ............................................................................................................................................................... 189

4.1.2.6

4.1.3

Natural CO2 emissions ............................................................................................................................................ 192

Results ........................................................................................................................................................... 193

4.1.3.1

Preliminary geomodel ............................................................................................................................................ 193

4.1.3.2

Integrated 3-D Geological Model ........................................................................................................................... 193

4.1.3.3

Geological Model results ........................................................................................................................................ 200

4.2

RESERVOIR MODELLING ........................................................................................................................................... 201

4.2.1

Reservoir modeling revision after the geological update .............................................................................. 201

4.2.2

Numerical model approach ........................................................................................................................... 201

4.2.3

Steady state/natural state description .......................................................................................................... 204

4.2.4

Exploitation scenario of Mensano (Qualtra wells) and sensitivity ................................................................ 206

4.2.5

Conclusions .................................................................................................................................................... 210

4.3

GEOCHEMICAL MODELLING ...................................................................................................................................... 210
8

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

5.

4.3.1

Equilibrium modeling and secondary minerals ............................................................................................. 210

4.3.2

Kinetic modelling with TOUGHREACT............................................................................................................ 213

4.3.3

TOUGHREACT model of Qualtra 2 geothermal prospect .............................................................................. 215

4.3.4

Conclusions .................................................................................................................................................... 219

4.4

THE CONCEPTUAL MODEL FOR THE INJECTION OF THE GAS MIXTURE .................................................................................. 219

4.5

REFERENCES .......................................................................................................................................................... 220

GERMAN DEMO SITE .................................................................................................................................................. 222
5.1

GEOLOGICAL MODELLING ......................................................................................................................................... 222

5.1.1

Modelling concept ......................................................................................................................................... 222

5.1.2

Regional scale................................................................................................................................................ 224

5.1.3

Site scale........................................................................................................................................................ 225

5.1.4

Local scale ..................................................................................................................................................... 226

5.2

RESERVOIR MODELLING ........................................................................................................................................... 231

5.2.1

Petrophysical properties ................................................................................................................................ 232

5.2.2

System sensitivity .......................................................................................................................................... 235

5.3

GEOCHEMICAL MODELLING ...................................................................................................................................... 241

5.3.1

Modelling concept ......................................................................................................................................... 242

5.3.2

The Bochum reservoir flow ............................................................................................................................ 242

5.3.3

The Bochum reservoir fluid chemistry ........................................................................................................... 244

5.3.4

Reaction path simulation .............................................................................................................................. 246

5.3.5

Results ........................................................................................................................................................... 249

5.3.5.1

Evolution of species, acidity a redox state ............................................................................................................. 249

5.3.6

Reactive transport modelling ....................................................................................................................... 254

5.3.7

Discussion and summary .............................................................................................................................. 256

5.4

THE CONCEPTUAL MODEL FOR THE INJECTION OF THE GAS MIXTURE .................................................................................. 256

5.5

REFERENCES .......................................................................................................................................................... 258

9

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

LIST OF FIGURES
Figure 2-1. Map of the area near the Nesjavellir power plant showing location of power plants, wells
and fissures and fractures (adapted from Snæbjörnsdóttir et al., 2020). ............................................. 25
Figure 2-2. Geological map of the Nesjavellir area (Sæmundsson, 1995). Red: scoria or spatter cone
(eruption fissure). ................................................................................................................................... 31
Figure 2-3. Lithology based on cuttings analyses (either binocular or combination of binocular and thin
section analyses) presented on well traces of production wells at Nesjavellir. Orange colors represent
basaltic hyaloclastite formations, blue formations represent crystalline basalt, violet sediments and
green evolved rock. ................................................................................................................................ 32
Figure 2-4. Lithology and alteration of well NJ-18 (Weisenberger et al., 2020a). ................................. 34
Figure 2-5. Stability fields of secondary minerals, including chemical vectors, primary minerals and their
alteration product for basaltic rocks in Iceland. The sketch in the upper part shows a prograde mineral
sequence as observed in Iceland’s geothermal systems at low-temperature conditions (modified after
Kousehlar et al., 2012 and Weisenberger et al., 2020b)........................................................................ 35
Figure 2-6. Simplified lithology logs in the Nesjavellir wells. ................................................................. 36
Figure 2-7. Faults in the full field Nesjavellir geological model including rift related faults as well as NS striking faults. Well NJ-18 is furthest to the north. ............................................................................. 37
Figure 2-8. Alteration based on cuttings analyses (either binocular or combination of binocular and thin
section analyses) presented on well traces of production wells at Nesjavellir. ..................................... 38
Figure 2-9. Aerial photo of Nesjavellir. Extensional fractions and faults from Sæmundsson (1995) and
N-S faults from Franzson (2000). The blue box defines the area of the sector model. .......................... 40
Figure 2-10. A conceptual model of the Nesjavellir geothermal field showing the main structural
features and direction of flow in the reservoir at a natural state (Franzson, 2000). ............................ 41
Figure 2-11. The formation temperature at 1000 m b.s.l. and wells in Nesjavellir shown in map view
(modified after Gunnarsson et al., 2011). .............................................................................................. 42
Figure 2-12. Cross-section from south (A) to north (B) within the study area in Nesjavellir showing 2
logs on well traces, simplified lithology and permeability layers as well as alteration surfaces from the
alteration model. The location of the profile is shown to the left on the sector model. ....................... 44
Figure 2-13. Cross-section through the Nesjavellir geological model (approximately N-S, north to the
right, south to the left). Brownish formations represent hyaloclastite formations, blue formations
basalt lava flows, red basaltic intrusions (dikes) and eruptive fissures and green dioritic intrusion. Well
NJ-18 is furthest to the right. ................................................................................................................. 47
Figure 2-14. The full field geological model of Nesjavellir (looking towards south-west). .................... 48
Figure 2-15. Cross-section of the alteration model of Nesjavellir showing the alteration zones
(approximately N-S, north to the right, south to the left). .................................................................... 49
Figure 2-16. Cross section of the alteration model of Nesjavellir (approximately east to west, east to
the left, west to the right). ..................................................................................................................... 50
Figure 2-17. A geological relative permeability sector model of the study area based on permeability
layers from NJ-11, NJ-16, NJ-18, NJ-19, NJ-24 and NJ-25b. Cross-section profile for Figure 2-18 is marked
with a dashed blue line from A to B. ...................................................................................................... 51
Figure 2-18. Cross-section through the geological model based on permeability layers (A to B in Figure
2-17). ...................................................................................................................................................... 52
Figure 2-19. Aerial view of the placements of grid points (yellow dots) around well NJ-18. Well locations
and tracks of wells (in blue) NJ-11, NJ-16, NJ-24, NJ-24, and NJ-31 are marked. ................................. 53
10

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

Figure 2-20. Assignment of rock types to the elements of each layer in the TOUGH2 model. Boundary
elements are not colored. ...................................................................................................................... 54
Figure 2-21. Layer 11 centered at z = -1800 m a.s.l. This layer contains the heat sources. Also shown
are boundary elements marked with black dots. All layers have the same configuration of boundary
elements as layer 11. ............................................................................................................................. 55
Figure 2-22. Estimated formation temperature in wells within the model compared to model
temperatures. ........................................................................................................................................ 57
Figure 2-23. Estimated initial pressure values in wells within the model compared to model pressure
values. .................................................................................................................................................... 58
Figure 2-24. Comparison of measured flow test data for well NJ-18 to the model. .............................. 58
Figure 2-25. Measured tracer in well NJ-24 and well NJ-25 after tracer injection into NJ-18. .............. 59
Figure 2-26. Estimated formation temperature in wells within the model compared to dual-porosity
model temperatures. For well NJ-16 the temperatures inside and outside the fissure are shown, due to
the well-being situated on the edge of the fissure in the model. .......................................................... 61
Figure 2-27. Estimated initial pressure values in wells within the model compared to dual-porosity
model pressure values............................................................................................................................ 62
Figure 2-28. Comparison of measured flow test data for well NJ-18 to the dual-porosity model. ....... 62
Figure 2-29. Comparison of measured tracer in well NJ-24 and well NJ-25 after tracer injection into NJ18, to the estimated recovered tracer in the dual-porosity model. ....................................................... 63
Figure 2-30. The fraction of CO2 in elements of the dual-porosity model after 7.5 years with 64 L/s
injection of gas-charged mixture. Shown are layers 6 (z = -1300 m a.s.l.) to 11 (z = -1800 m a.s.l.). ... 64
Figure 2-31. The fraction of the water 2 component in elements in layers 6 (z = -1300 m a.s.l.) to 11 (z
= -1800 m a.s.l.) after 7.5 years of 35 L/s injection into NJ-18. Note that the color scale is logarithmic.
................................................................................................................................................................ 65
Figure 2-32. (a) Grouping of elements within boxes of the 1-D chemical flow model outside the fissure.
(b) Schematic of the 1-D flow model...................................................................................................... 66
Figure 2-33. Evolution of the mass fraction for the water 2 component in the boxes of the 1-D model
outside the fissure during the injection. (a) shows water 2 fraction in box 1, (b) in box 2, (c) in box 3 and
(d) in box 4. ............................................................................................................................................ 66
Figure 2-34. Evolution of temperature in the boxes of the 1-D mode outside the fissure during the
injection. (a) shows temperature in box 1, (b) in box 2, (c) in box 3 and (d) in box 4. ........................... 67
Figure 2-35. Evolution of pressure in the boxes of the 1-D mode outside the fissure during the injection.
(a) shows pressure in box 1, (b) in box 2, (c) in box 3 and (d) in box 4. ................................................. 67
Figure 2-36. Evolution of mass flow between the boxes of the 1-D model outside the fissure during the
injection. (a) shows mass flow between box 1 and box 2, (b) between box 2 and box 3, (c) between box
3 and box 4, and (d) between box 4 and box 5. ..................................................................................... 68
Figure 2-37. (a) Grouping of elements within boxes of the 1-D chemical flow model within the fissure.
(b) Schematic of the 1D flow model. ...................................................................................................... 68
Figure 2-38. Evolution of water 2 fraction in the boxes of the 1-D mode within the fissure during the
injection. (a) shows water 2 fraction in box 1, (b) in box 2, (c) in box 3 and (d) in box 4. ..................... 69
Figure 2-39. Evolution of temperature in the boxes of the 1-D model within the fissure during the
injection. (a) shows temperature in box 1, (b) in box 2, (c) in box 3 and (d) in box 4. ........................... 69
Figure 2-40. Evolution of pressure in the boxes of the 1-D mode within the fissure during the injection.
(a) shows pressure in box 1, (b) in box 2, (c) in box 3 and (d) in box 4. ................................................. 70
11

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

Figure 2-41. Evolution of mass flow between the boxes of the 1-D model within the fissure during the
injection. (a) shows mass flow between box 1 and box 2, (b) between box 2 and box 3, (c) between box
3 and box 4, and (d) between box 4 and box 5. ..................................................................................... 70
Figure 2-42. The evolution of the DIC (dissolved inorganic carbon), pH and secondary mineral alteration
as a function of dissolved basaltic glass (BG) at 150 °C (a, b) and at 220 °C (c, d). Note the different
scale on the primary y-axis in d.............................................................................................................. 76
Figure 2-43. The formation of the secondary mineral alteration as a function of dissolving BG at 250 °C
(a,b) and 280 °C (c,d). The a and c present the evolution when all the secondary minerals listed in the
legend are allowed to precipitate, whereas b and d show when tremolite is not allowed to form. ..... 76
Figure 2-44. The number of moles of calcite comparing to the other minerals that were allowed to
precipitate at different temperature scenarios 150 °C (a), 220 °C (b), 250 °C (c), and 280 °C (d). These
plots represent the most optimistic scenarios regarding the amount of calcite precipitated. The
scenarios include no epidote formation at 220 °C, and no tremolite formation at 250 °C and 280 °C. 78
Figure 2-45. The formation of the secondary mineral alteration as a function of dissolving epidote,
diopside, tremolite, wollastonite, and chamosite at 220 °C (a), 250 °C (b), and 280 °C (c). Note the
different y-axis scales. ............................................................................................................................ 82
Figure 2-46. The results of the reactive transport modelling at 75 m distance from the injection well
including fluid transport (a), fluid transport and dissolution of BG (b), and fluid transport, BG dissolution
and secondary minerals precipitation (c). ............................................................................................. 84
Figure 2-47. The secondary mineral alteration as a function of time at 75 m distance from the injection
well. The primary y-axis refers to moles of dissolved BG and moles of quartz and chamosite precipitated
in kg of water, whereas the secondary y-axis refers to precipitated calcite. ........................................ 84
Figure 2-48. The pH and secondary mineral precipitation along the flow path after 3 months, 6 months,
and 1 year after the injection of the CO2-H2S charged water injection starts. ...................................... 85
Figure 2-49. Schematic diagram of the 1-D reservoir model outside the fissure. All grid blocks contain
the background reservoir chemistry, except for the first block on the left; this block represents injection
well NJ-18 where the injection of the effluent and gas-charged condensate fluids occur. ................... 87
Figure 2-50. The evolution of (a) pH and (b) temperature of the reservoir fluid after 1 and 3 years of
injecting effluent water into well NJ-18. Gray lines depict the initial pH and temperature of the effluent
water. ..................................................................................................................................................... 90
Figure 2-51. The evolution of (a) pH and (b) temperature of the reservoir fluid after 2 and 7 years of
injecting a gas-charged mixture (after three years of effluent water injection) into well NJ-18. Gray lines
depict the pH and temperature of the initial gas-charged mixture. ...................................................... 91
Figure 2-52. Concentrations (mmol/kg) of (a) DIC, (b) Ca, (c) DS (c), and (d) Fe in the reservoir fluid after
2 and 7 years of injecting a gas-charged mixture into well NJ-18. Gray lines depict the DIC and DS of
the initial gas-charged mixture. ............................................................................................................. 91
Figure 2-53. Change in volume fraction of (a) calcite and (b) pyrite in the reservoir after 2 and 7 years
of injecting a gas-charged mixture. ....................................................................................................... 92
Figure 2-54. Change in volume fraction of (a) carbonates and (b) sulfides in the reservoir after 7 years
of injecting a gas-charged mixture. Please refer to Figure 2-46a for the full change in calcite’s volume
fraction. .................................................................................................................................................. 93
Figure 2-55. Change in volume fraction of (a) zeolites, (b) silicates, (c) endmembers of chlorite and
actinolite, and (d) clays in the reservoir after 7 years of injecting a gas-charged mixture. .................. 93
Figure 2-56. Change in volume fraction of the porosity in the reservoir after 2 and 7 years of injecting
a gas-charged mixture. .......................................................................................................................... 94
12

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

Figure 2-57. Comparison of (a) pH, (b) DIC concentrations, (c) Ca concentrations, and (d) change in
calcite volume fraction between the original model simulation at a reservoir temperature of 211 °C,
and simulations run at reservoir temperatures of 250 °C and 280 °C. Gray lines represent the pH and
DIC concentration in the gas-charged fluid injection at 5.0 and 27.8 mmol/kg, respectively. Note the
first points in (d) calcite volume fraction are not plotted to better observe the changes in calcite
between simulations. ............................................................................................................................. 94
Figure 2-58. Comparison of (a) pH, (b) DIC concentrations, (c) Ca concentrations, and (d) change in
calcite volume fraction between the original model simulation at pCO2 of 7.5 bar, and simulations run
at pCO2 levels of 9.5 bar and 13.5 bar. Gray lines represent the pH and DIC concentration in the gascharged fluid injection at 5.0 and 27.8 mmol/kg, respectively. Note the first points in (d) calcite volume
fraction are not plotted to better observe the changes in calcite between simulations. ...................... 95
Figure 2-59. Conceptual model for the injection of CO2 into well NJ-18 that shows the volcanic fissure
which is major structural barrier for flow. Tracer was recovered from wells NJ-24 and NJ-25. Well NJ16 is the closest well to NJ-18, but on the opposite site of the barrier. Blue arrows indicate the flow of
CO2 and H2S charged injection water and red arrows indicate the flow of reservoir fluids towards and
into the producing wells. ........................................................................................................................ 98
Figure 3-1. Location of wellheads and well trajectories. ..................................................................... 108
Figure 3-2. Stratigraphic tops observed in wells and their distribution on well trajectories. .............. 108
Figure 3-3. Stratigraphy of the Kızıldere geothermal field (Aksu, 2019). ............................................ 109
Figure 3-4. Geological map of Kızıldere geothermal field (Şimşek et al, 2009). .................................. 110
Figure 3-5. Surfaces of stratigraphic units constructed from seismic interpretations......................... 111
Figure 3-6. Stress orientations of the faults in the Kızıldere area (Aksu, 2019). .................................. 112
Figure 3-7. Two sets of slickenlines measured from Gebeler fault and paleostress reconstruction using
Angelier’s direct inversion method on Schmidt’s lower hemisphere (white arrow: σ3; gray arrow: σ2;
black arrow: σ1; black dot: σ1 vertical; gray dot: σ2 vertical (Aksu, 2019). ........................................ 113
Figure 3-8. Fault sticks digitized from seismic sections. ...................................................................... 113
Figure 3-9. Draped geological map of Kızıldere geothermal filed on DEM.......................................... 114
Figure 3-10. 3-D surface construction of stratigraphic units on topography. ..................................... 115
Figure 3-11. The final stage of stratigraphic horizons before importing into the structural model. ... 115
Figure 3-12. a) Stratigraphic horizons and fault polygons in the geological model. b) Key pillars created
from fault surfaces. .............................................................................................................................. 116
Figure 3-13. 3-D Geological model of Kızıldere geothermal field. ....................................................... 117
Figure 3-14. North-South (a) and East-West (b) directional cross-sections from 3-D Geological model.
.............................................................................................................................................................. 117
Figure 3-15. Location of pilot injection well (KD-50A) and phase-3 GPP. ............................................ 118
Figure 3-16. Sector model to be used in TOUGHREACT Model. ........................................................... 119
Figure 3-17. Stratigraphy on KD50A and nearby wells included in the sector model.......................... 120
Figure 3-18. Fracture traces of processed image obtained from a marble outcrop. ........................... 122
Figure 3-19. Illustration of sector model KD-50A and the nearby wells. ............................................. 124
Figure 3-20. Interpolation results of fracture aperture (m) and fracture permeability (m2) in the sector
model zone: a) Fracture aperture distribution. b) Fracture permeability distribution. The results are
generated from mud-loss data of the demonstrated wells. ................................................................ 125
Figure 3-21. The weight fraction of CO2 distribution around the wells after the natural state. ......... 126
13

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

Figure 3-22. Temperature distribution around the wells after the natural state. ............................... 127
Figure 3-23. Pressure comparison with static measurements. ............................................................ 128
Figure 3-24. CO2 comparison with measurements. ............................................................................. 129
Figure 3-25. Temperature comparison with static measurements. .................................................... 130
Figure 3-26. Kızıldere CO2 injection system design. ............................................................................. 131
Figure 3-27. Distribution of species in effluent and CO2 charged injection water. Components that show
considerable changes in species between effluent water and CO2 charged water are given in this figure.
.............................................................................................................................................................. 134
Figure 3-28. Changes in saturation indices minerals in the LLNL database before and after CO2 injection.
.............................................................................................................................................................. 135
Figure 3-29. Dissolved gas pressure in effluent water at various temperatures. ................................ 136
Figure 3-30. Dissolved gas pressure in bypass pond water at various temperatures. ........................ 137
Figure 3-31. a) Demonstration of the mixing zone in the vicinity of the injection well and batch system.
b) Changes in temperature and partial pressures in the mixture. c) Calculated eﬀect of mixing the
injected CO2-charged ﬂuid with the reservoir water on the pH of the mixed ﬂuid. ............................. 138
Figure 3-32. Changes in saturation states of mineral assemblage before and after CO2 injection..... 138
Figure 3-33. Changes in saturation states of the minerals in the mixing of CO2-charged ﬂuid with the
reservoir water. .................................................................................................................................... 139
Figure 3-34. Distribution of mineral abundance through production well of GPP1 in KGF (modified from
Ozan, 2007). ......................................................................................................................................... 141
Figure 3-35. Comparison results of the specific surface area of minerals with the measured BET data.
Monte-Carlo methods and CDF fractal approach were calculated based on the grain size distribution
of minerals given in Table 3-7. BET data can be found in Table 3-7, which were taken from Beckingham
et al. (2016). ......................................................................................................................................... 143
Figure 3-36. Saturation indices of mineral assemblage in CO2 charged water composition............... 144
Figure 3-37. Results of equilibrium modelling in a batch system at various temperatures. The negative
sign indicates dissolution. .................................................................................................................... 145
Figure 3-38. Results of reaction path calculations at 100 °C. Incremental number of moles of minerals
dissolving or precipitating in each kg of injected CO2 charged water. ................................................ 146
Figure 3-39. Total reacted mineral amount calculated in TOUGHREACT. Negative sign indicates
dissolution whereas positive is precipitation. ...................................................................................... 146
Figure 3-40. Total reacted mineral amount calculated in PHREEQC for the first week. Negative sign
indicates dissolution whereas positive is precipitation. ....................................................................... 147
Figure 3-41. 1-D reactive transport model illustration. ....................................................................... 148
Figure 3-42. Illustration of sector model KD-50A and the nearby wells. ............................................. 149
Figure 3-43. The natural state results of schist rock over 1000 years: a) Aqueous primary species; b)
Primary minerals; c) Secondary minerals. Depth is 2500 m, temperature is 215 °C and pressure 220 bar.
.............................................................................................................................................................. 151
Figure 3-44. The natural state results of schist-marble rock over 1000 years: a) Aqueous primary
species; b) Primary minerals; c) Secondary minerals. Depth is 2500 m, temperature is 215 °C and
pressure 220 bar. ................................................................................................................................. 152

14

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

Figure 3-45. The natural state results of marble rock over 1000 years: a) Aqueous primary species; b)
Primary minerals; c) Secondary minerals. Depth is 2500 m, temperature is 215 °C and pressure 220 bar.
.............................................................................................................................................................. 153
Figure 3-46. Schist rock dynamic model results over distance: a) Temperature; b) Pressure; c) Mass
fraction of CO2; d) pH value. ................................................................................................................ 154
Figure 3-47. The mineral reaction results of the schist rock over distance: a) The second year of the
operation with only fluid injection; b) The third year in the operation just after CO2 injection begins; c)
After seven years of the operation....................................................................................................... 155
Figure 3-48. The mineral reaction results of the schist-marble rock over distance: a) The second year of
the operation with only fluid injection; b) The third year in the operation just after CO2 injection begins;
c) After seven years of the operation. .................................................................................................. 156
Figure 3-49. The mineral reaction results of the marble rock over distance: a) pH value; b) The second
year of the operation with only fluid injection; c) The third year in the operation just after CO2 injection
begins; d) After seven years of the operation. ..................................................................................... 157
Figure 3-50. Common results of KD-50A at 2465 m of depth for all scenarios: a) Identical pressure and
temperature results of all scenarios; b) Normalized porosity (a value lower than 1 indicates the
decrease in porosity, a value higher than 1 denotes the increase in porosity). .................................. 158
Figure 3-51. The results of Scenario 1 - Variant 2 at 2465 m of depth for KD-50A over time: a) The
aqueous primary species; b) Primary minerals; c) Secondary minerals............................................... 159
Figure 3-52. The results of Scenario 2 - Variant 2 at 2465 m of depth for KD-50A over time: a) The
aqueous primary species; b) Primary minerals; c) Secondary minerals............................................... 159
Figure 3-53. The results of scenario 3 - Variant 2 at 2465 m of depth for KD-50A over time: a) The
aqueous primary species; b) Primary minerals. ................................................................................... 160
Figure 3-54. Scenario 1 comparison all variants over distance from KD-50A to KD-23-D: a) Pressure; b)
The mass fraction of CO2 (liq); c) The pH value; d) Temperature. ....................................................... 161
Figure 3-55. Scenario 1 (schist) - Variant 2 over distance from KD-50A to KD-23-D: a) Mineral phases at
the year 2019; b) Mineral phases at the year 2029; c) The primary aqueous species at the year 2019;
d) The primary aqueous species at the year 2029; e) The normalized porosity. ................................. 162
Figure 3-56. Scenario 2 (schist-marble) - Variant 2 over distance from KD-50A to KD-23-D: a) Mineral
phases at the year 2019; b) Mineral phases at the year 2029; c) The primary aqueous species at the
year 2019; d) The primary aqueous species at the year 2029; e) The normalized porosity. ............... 163
Figure 3-57. Scenario 3 (marble) - Variant 2 over distance from KD-50A to KD-23-D: a) Mineral phases
at the year 2019; b) Mineral phases at the year 2029; c) The primary aqueous species at the year 2019;
d) The primary aqueous species at the year 2029; e) The normalized porosity. ................................. 164
Figure 3-58. Scenario 1 comparison all variants over distance from KD-50A to KD-25B: a) Pressure; b)
The mass fraction of CO2 (liq); c) The pH value; d) Temperature. ....................................................... 165
Figure 3-59. Scenario 1 (schist) - Variant 2 over distance from KD-50A to KD-25B: a) Mineral phases at
the year 2019; b) Mineral phases at the year 2029; c) The primary aqueous species at the year 2019;
d) The primary aqueous species at the year 2029; e) The normalized porosity. ................................. 166
Figure 3-60. Scenario 2 (schist-marble) - Variant 2 over distance from KD-50A to KD-25B: a) Mineral
phases at the year 2019; b) Mineral phases at the year 2029; c) The primary aqueous species at the
year 2019; d) The primary aqueous species at the year 2029; e) The normalized porosity. ............... 167
Figure 3-61. Scenario 3 (marble) - Variant 2 over distance from KD-50A to KD-25B: a) Mineral phases
at the year 2019; b) Mineral phases at the year 2029; c) The primary aqueous species at the year 2019;
d) The primary aqueous species at the year 2029; e) The normalized porosity. ................................. 168
15

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

Figure 3-62. Conceptual model of the CO2 injection site at Kızıldere, showing the infrastructure and the
geological cross-section of the GECO injection site. ............................................................................ 170
Figure 4-1. Location of the Castelnuovo and Mensano (Qualtra) permit areas. Red and green boundary
show the regional and local model boundaries, respectively. The orange border is the Castelnuovo
research permit, nowadays under review by the Italian Ministry in charge, while the magenta border
is the Mensano exploration permit. The red circle is the location of the Sesta 6bis deep borehole. In the
top right picture, the yellow area shows the location of the Qualtra boreholes in the Mensano permit
(the three orange points are the locations of the Castelnuovo well bottoms). ................................... 174
Figure 4-2. Tectonic reconstruction before (top picture) and during continental collision (middle and
bottom pictures). The existence of structural high of the basement produced different Verrucano Group
deposition. Continental collision and duplex formation produced different geometries of the tectonic
wedge complex, which have been schematically reported in the lower picture on the basis of boreholes
data. ..................................................................................................................................................... 176
Figure 4-3. Example of the integrated platform as a common thread enhancing the cooperation and
the interaction of the scientific fields applied. The final model is a co-directed, mutual, shared, and
robust interpretation. The methods illustrated here are examples usually involved in geothermal
exploration (taken from Calcagno, 2015). ........................................................................................... 178
Figure 4-4. Litho-stratigraphic description of the Sesta 6bis borehole. The column on the right
represents how the different geological levels were grouped out for the 3-D geomodels. ................ 180
Figure 4-5. Map of the location of the selected boreholes. In green the deep geothermal boreholes
extracted from the BDNG and in orange the shallow boreholes selected from National Archive of
substratum investigations (L.464/84). ................................................................................................. 181
Figure 4-6. Fault-network for the study area elaborated in the GECO project. Magenta patterns indicate
the main transversal shear zones. ....................................................................................................... 183
Figure 4-7. Schematic fault-network used to build the 3-D geomodel of the study area. ................... 184
Figure 4-8. The schema reports the main Castelnuovo – Qualtra geomodel versions, its presentation
into the GECO project context, the scale and if the model was scientifically disseminated. .............. 185
Figure 4-9. Horizontal slices drawn from the 3-D model. The negative values of elevation are for km
above sea level. X axis is along NS direction. ....................................................................................... 186
Figure 4-10. Vertical sections, oriented NE-SW, drawn from the 3-D resistivity model. ..................... 187
Figure 4-11. Density (left) and susceptibility sections crossing the three-dimensional geophysical
models along the SW-NE direction. ..................................................................................................... 188
Figure 4-12. The three-dimensional geophysical cubes used as input of the cluster analysis. From left
to right: the resistivity, the density and the susceptibility 3-D distributions. ...................................... 189
Figure 4-13. Akaike Information Criterion (left) and cluster’s distribution of model 1. ..................... 190
Figure 4-14. 3-D view and two horizontal slices set at 100 m a.s.l. and 3 km b.s.l of the clusters from
model 1 (left) and model 2 (right). ....................................................................................................... 191
Figure 4-15. CO2 flux measurements and values nearby NE-SW faults close to the Montecastelli village.
.............................................................................................................................................................. 192
Figure 4-16. On the left the 2D fault network; on the right the 3-D visualization of the modelled faults
and the bottom surfaces of the covers, evaporites an-d Verrucano group. ........................................ 193
Figure 4-17. Two different 3-D GeoModeller cross-sections showing: (left) the correspondence of the
170 Ωm of resistivity with the top of Paleozoic phyllite at the Sesta 6bis borehole; (right) the adjustment
of the top of the Paleozoic phyllite in agreement with the resistivity surface. Legend: i) light blue: NW16

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

SE fault; ii) yellow: bottom of the cover; iii) cyan: bottom of the limestone units; iV) pink: bottom of the
evaporites; vi) magenta: bottom of the Verrucano Group; vii) lilac: bottom of the Paleozoic phyllites
and viii) green: bottom of micaschists. ................................................................................................ 195
Figure 4-18. In yellow the volume of the cluster 6 from Model 1. Green border is the limit of the regional
area while in orange the limit of the local area. In red the boundary of the Castelnuovo permit and the
vertical colored line is the representation of the Sesta 6bis borehole. ................................................ 195
Figure 4-19. In green the shape of the iso-resistivity 200 Ωm from the 3-D resistivity model. Green
border is the limit of the regional area while in orange the limit of the local area. In red the boundary
of the Castelnuovo permit and the vertical colored line is the representation of the Sesta 6bis borehole.
.............................................................................................................................................................. 196
Figure 4-20. On the left a cross-section used for the reconstruction of the iso-resistivity 200 Ωm in the
3-D GeoModeller. On the right the resulting surface in a 3-D view. The surface represents two sectors
with different permeability within the phyllitic reservoir, inside (concave part) the surface the volume
of rocks is more permeable while outside (convex part) is less permeable. ........................................ 196
Figure 4-21. In yellow the volume of the cluster 6 from Model 2. Green border is the limit of the regional
area while in orange the limit of the local area. In red the boundary of the Castelnuovo permit and the
vertical colored line is the representation of the Sesta 6bis borehole. ................................................ 197
Figure 4-22. Example of the constrain nearby some boreholes of the 5-20 Ωm values with the bottom
of the shallow reservoir hosted in the evaporites and limestones of the Tuscan nappe. Legend: i) light
blue: NW-SW fault; ii) yellow: bottom of the cover; iii) cyan: bottom of the limestone units; iV) pink:
bottom of the evaporites; vi) magenta: bottom of the Verrucano group; vii) lilac: bottom of the
Paleozoic phyllites and viii) green: bottom of micaschists. ................................................................. 198
Figure 4-23. 2-D (left) and 3-D (right) representation of the modeled fault system of the integrated 3D geomodel. ......................................................................................................................................... 199
Figure 4-24. Three different computed geological cross-sections of the 3-D integrated geomodel.
Legend: i) light blue: NW-SW fault; ii) red: NE-SW faults; iii) yellow: bottom of the cover; iv) cyan:
bottom of the limestones ; V) pink: bottom of the evaporites; vi) magenta: bottom of the Verrucano
Group; vii) lilac: bottom of the Paleozoic phyllites and viii) green: bottom of micaschists. ................ 199
Figure 4-25. The integrated regional 3-D geomodel of Castelnuovo-Mensano (Qualtra) area.
Coordinate system is GAUSS-BOAGA ovest (EPSG: 3003). In the top left picture, the location of the
selected (shallow and deep) boreholes in a 3-D view, on the top right picture the 3-D geomodel and in
the bottom some modelled geological cross-sections in 3-D view. ..................................................... 200
Figure 4-26. Reservoir top and bottom. ............................................................................................... 201
Figure 4-27. Numerical model layers, on left the old geological model layers and on right the revised
geological model. ................................................................................................................................. 202
Figure 4-28. Importing the geological layers in to Petrasim, the rock formation distribution: left the old
geological model, right the revised geological model. ........................................................................ 203
Figure 4-29. Model discretization using Voronoj grid with local refinement around the planned wells.
Pink is the permeable structure, blue Verrucano formation and transparent the Phydallic unit with low
permeability. The orange border is the Castelnuovo research permit. The blue border shows the
location of the Mensano area. ............................................................................................................. 203
Figure 4-30. Pressure Distribution, view from north. ........................................................................... 204
Figure 4-31. CO2 partial pressure distribution, view from north. ........................................................ 205
Figure 4-32. Temperature distribution, view from north. .................................................................... 205
Figure 4-33. Modeled Temperature distribution compared with Sesta 6 temperature profile. .......... 206
17

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

Figure 4-34. Box plot of the BNDG apparent permeability values in m2. ............................................ 207
Figure 4-35. Qualtra wells with skin zone at reinjection wells, south view. ........................................ 207
Figure 4-36. Qualtra pressure distribution in the exploitation zone after 10 years; top figure view from
south with evidenced extraction pressure drops, bottom figure view from top with evidenced the high
overpressure in the liquid cells ............................................................................................................. 208
Figure 4-37. Qualtra temperature distribution in the exploitation zone (reinjection well 1f and
production well 1d) after 10 years. ...................................................................................................... 209
Figure 4-38. Qualtra CO2 partial pressure distribution in the exploitation zone (reinjection well 1f and
production well 1d) after 10 years. ...................................................................................................... 209
Figure 4-39. Reaction progress of FB2 rock, water/rock ratio 1:1, T = 90 °C. ...................................... 211
Figure 4-40. Reaction progress of FB2 rock, water/rock ratio 1:1, T = 90 °C. ...................................... 211
Figure 4-41. Reaction progress of FB2 rock, water/rock ratio 1:1, T = 150 °C. .................................... 212
Figure 4-42. Reaction progress of FB2 rock, water/rock ratio 1:1, T = 200 °C. .................................... 212
Figure 4-43. Reaction progress of FB2 rock, water/rock ratio 1:1, T = 250 °C. .................................... 213
Figure 4-44. Evolution in time of FB2 at 90 °C. .................................................................................... 215
Figure 4-45. Evolution of chlorite volume fraction distribution in the liquid zone. Figure on left, after
140 days, on right after 20 years. ........................................................................................................ 217
Figure 4-46. Evolution of paragonite volume fraction distribution in the liquid zone. Figure on left, after
140 days, on right after 20 years. ........................................................................................................ 217
Figure 4-47. Evolution of illite volume fraction distribution in the liquid zone. Figure on left, after 140
days, on right after 20 years. ............................................................................................................... 217
Figure 4-48. Evolution of quartz volume fraction distribution in the liquid zone. Figure on left, after 140
days, on right after 20 years ................................................................................................................ 218
Figure 4-49. Evolution of magnetite volume fraction distribution in the liquid zone. Figure on left, after
140 days, on right after 20 years. ........................................................................................................ 218
Figure 4-50. Evolution of pyrite volume fraction distribution in the liquid zone. Figure on left, after 140
days, on right after 20 years. ............................................................................................................... 218
Figure 4-51. Evolution of magnesite volume fraction distribution in the liquid zone. Figure on left, after
140 days, on right after 20 years. ........................................................................................................ 219
Figure 5-1. Stepwise modelling concept developed for reservoir modelling and sensitivity study of the
demo site. ............................................................................................................................................. 223
Figure 5-2. Significantly influenced paramters that are identified and modified in a sensitivity study.
.............................................................................................................................................................. 224
Figure 5-3. Groundwater model “Münster Cretaceous Basin”. ........................................................... 224
Figure 5-4. Cross section through extended groundwater model “Münster Cretaceous Basin”; coloured
by regional geology. ............................................................................................................................. 225
Figure 5-5. Location of the site scale model (inset at the top) in correlation to the regional model (red
area in the background map). Indication of dewatering provinces at different flooding levels are show
by black lines and the boundary of the regional model in purple. ...................................................... 226
Figure 5-6. Fitting of the empirical trace lengths by log-normal distribution (Witthüser, 1996). ....... 227
Figure 5-7. Fractures in a three-dimensional mesh using layer technique. ......................................... 228
Figure 5-8. Hydraulic conductivities estimated by stochastic fracture generation (Carboniferous). .. 228
18

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

Figure 5-9. Leapfrog-Model of the geological situation for the Bochum site generated from well logging
data, cuttings and outcrops. View from SW. ....................................................................................... 229
Figure 5-10. Geological model (site scale) with fault system in SPRING (coloured by lithology, well
locations are indicated as red spheres, buildings of the University of Bochum in black). View from SW.
.............................................................................................................................................................. 230
Figure 5-11. Visualization of the folded Carboniferous with an inclined syncline structure at the demo
site. View from W. ................................................................................................................................ 230
Figure 5-12. Comparison between the 2 different finite element meshes: basic geological model at the
top and locally refined reservoir model at the bottom. View from W. ................................................ 231
Figure 5-13. Reservoir model (site scale) with location of the injection and production wells. View from
SW. ....................................................................................................................................................... 232
Figure 5-14. Cross section with calculated groundwater potential head with integrated well system.
.............................................................................................................................................................. 233
Figure 5-15. Left: Demo site configuration with infiltration well R2 (FEcampus_R2 red) and production
well O4 (FEcampus_O4 blue), Right: Detailed view with buildings of Fraunhofer IEG Bochum (light grey).
.............................................................................................................................................................. 233
Figure 5-16. Calculated tracer concentrations after 1, 2, 8 and 10 months with uniform hydraulic
conductivities and fracture opening width b=0.0005 m. ..................................................................... 234
Figure 5-17. Calculated tracer concentrations after 1, 2, 8 and 10 months with uniform hydraulic
conductivities and fracture opening width b=0.005 m. ....................................................................... 234
Figure 5-18. Calculated tracer concentrations after 1, 2, 8 and 10 months with layer specific hydraulic
conductivities and fracture opening width b=0.005 m. ....................................................................... 235
Figure 5-19. Modelled breakthrough curve at the production well for an ideal tracer by variation of
fault system opening width.................................................................................................................. 236
Figure 5-20. Modelled breakthrough curve at the production well for an ideal tracer by variation of
hydraulic conductivities. ...................................................................................................................... 237
Figure 5-21. Modelled breakthrough curve at the production well for an ideal tracer by different system
flow rates. ............................................................................................................................................ 238
Figure 5-22. Flow field and pressure before (left) and after (right) initiation of 400 l/min injection of
10°C cold water at -500 m below ground surface.; nearby fault system indicated in black. .............. 240
Figure 5-23. Flow field and temperatures before and after initiation of 400 l/min injection of 10°C cold
water at -500 m below ground surface; nearby fault system indicated in black. ............................... 240
Figure 5-24. Flow field and CO2 mass fraction distribution after initiation of 400 l/min injection of 10°C
cold water at -500 m below ground surface; nearby fault system indicated in black. ........................ 241
Figure 5-25. Reservoir model (site scale) with location of both injection (FEcampus_R2) and production
(FEcampus_O4) wells indicated as black lines and regional fault system visualized as planes coloured
by elevation. View from SW. ................................................................................................................ 243
Figure 5-26. Schematic visualization of 2 different tracer plumes to show the effect of pressure and
temperature changes between closed (scenario A left) and open (scenario B right) fault system. View
from SW. .............................................................................................................................................. 243
Figure 5-27. Circulation scheme for reactive transport modelling. .................................................... 244
Figure 5-28. Calculated flow field after initiation at well FEcampus_R2 (-500 m below ground surface);
nearby fault system indicated in black for scenario A closed (left) and scenario B open (right). ........ 244
19

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

Figure 5-29. Example of a fracture plane from a rock core (borehole FEcampus_R1). Besides dolomites,
pyrite crystals (size < 1 mm) can be clearly detected on the fracture surface. .................................... 248
Figure 5-30. The distribution of the C(4)-species (minor speciation of metal-cations not included) of the
initial (CO2-charged) solution. The CO2(aq) is predominating. ............................................................ 251
Figure 5-31. The distribution of the C(4)-species (minor speciation of metal-cations not included) of the
final solution after buffering with carbonates and Siderite-precipitation (via EQUILIBRIUM_PHASE
command). A major fraction of the CO2(aq) was transformed into hydrogen carbonate and carbonate.
.............................................................................................................................................................. 251
Figure 5-32. The evolution of the S(6), Fe2+ and Fe3+ while pyrite dissolution. Siderite saturation (after
buffering, step 2) is rising until 42x oversaturation using approx. 1x10 -4 mol pyrite. ......................... 252
Figure 5-33. The evolution of buffer reactions for the mineral phase calcite via PHREEQC-kinetics
(concept of Plummer et al., 1978). The acidity is buffered to pH 6.1 within approx. 40 minutes. The
results show a general feasibility for field experiments. ..................................................................... 252
Figure 5-34. Maximum solubility of CO2 via equilibrium calculations up to 25 bar. At 25 bar a dissolution
of approx. 32 g per liter groundwater is still possible.......................................................................... 253
Figure 5-35. Development of kinetically supersaturation of Siderite considered as long-time reservoir
(buffered only due to Calcite dissolution, Equilibrium with 5 bar air-oxygen and 5 bar CO2). With organic
C (left) and without organic C (right). .................................................................................................. 253
Figure 5-36. Flow paths (purple lines) starting form infiltration well into direction of fault system
indicated in black used for transport considerations for scenario A closed (left) and scenario B open
(right). .................................................................................................................................................. 254
Figure 5-37. Finite element field within PHREEQC coupled Feflow with an array of 21 observation wells
and Injection- / Production well (Olschowsky, 2020)........................................................................... 255
Figure 5-38. Particle tracing of 29 particles at the injection well (Olschowsky, 2020). ....................... 256
Figure 5-39. Conceptual model of the well field at the Bochum site. A 2 well system enabling a loop for
hydraulic experiments. ......................................................................................................................... 257

LIST OF TABLES
Table 2-1. Data incorporated into Leapfrog Geothermal - surface data - well locations...................... 27
Table 2-2. Data incorporated into Leapfrog Geothermal - borehole data. ........................................... 28
Table 2-3. Data incorporated into Leapfrog Geothermal - geophysical data........................................ 30
Table 2-4. Permeability layers in NJ-18 and their different permeability categories and relative
permeability. The permeability is regarded isotropic in the (x,y) space. The same was done for wells NJ11, NJ-16, NJ-19, NJ-24 and NJ-25b. ...................................................................................................... 46
Table 2-5. Model parameters based on the model calibration. Parameters kept fixed during calibration
are notated with [Fixed]......................................................................................................................... 56
Table 2-6. Model properties for the dual-porosity model. ..................................................................... 60
Table 2-7. Volumes and distances of the boxes and surface areas between the boxes in the 1D chemical
flow model within the fissure. ................................................................................................................ 66
Table 2-8. Volumes and distances of the boxes and surface areas between the boxes in the 1-D chemical
flow model within the fissure. ................................................................................................................ 68
20

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

Table 2-9. Secondary mineral assemblages used in the reaction path modelling together with the
logarithm of their equilibrium constants at 25 °C (Voigt et al., 2018; Marieni et al., 2019). ................ 73
Table 2-10. The chemical composition of the fluids that were used in the reaction path modelling.
Concentrations are given in mmol/L. The injection fluid is a mixture of the background fluid and the
CO2-H2S charged condensate in proportions reflecting the injection flow rates. The deep aquifer is
represented here by NJ-24. .................................................................................................................... 74
Table 2-11. The overall rock volume change at the final stage of the reaction path modelling. Positive
number indicates the volume increase and negative number reflects volume decrease compared to the
dissolved BG phase................................................................................................................................. 79
Table 2-12. The overall volume change at the final stage of the reaction path modelling. Positive
number indicates the volume increase and negative number reflects volume decrease compared to the
dissolved XB phase. ................................................................................................................................ 79
Table 2-13. The CO2 mineralization efficiency represented by the % of the initial DIC mineralized after
dissolution of 0.2 mol of BG at pCO2 of 7.5 bar and the injection fluid pH of 5.0. ................................ 80
Table 2-14. The CO2 mineralization efficiency represented by the % of the initial DIC mineralized after
dissolution of 0.2 mol of XB at pCO2 of 7.5 bar and the injection fluid pH of 5.0. ................................. 80
Table 2-15. The CO2 mineralization efficiency as a function of increasing pCO2 calculated at
temperatures of interest and for different secondary alteration scenarios. ......................................... 80
Table 2-16. The H2S mineralization efficiency represented by the % of the initial dissolved H2S
mineralized after dissolution of 0.2 mol of BG at pH2S of 3.5 bar and the injection fluid pH of 5.0. .... 81
Table 2-17. The H2S mineralization efficiency represented by the % of the initial dissolved H2S
mineralized after dissolution of 0.2 mol of XB at pH2S of 3.5 bar and injection fluid pH of 5.0. ........... 81
Table 2-18. The CO2 mineralization efficiency as a function of temperature. The secondary minerals
were used as the primary dissolving phases. ......................................................................................... 82
Table 2-19. The H2S mineralization efficiency as a function of temperature. The secondary minerals
were used as the primary dissolving phases. ......................................................................................... 82
Table 2-20. The CO2 mineralization efficiency as a function of temperature during the BG dissolution.
The ‘mixing’ scenario includes mixing of the injection fluid with the reservoir water before BG
dissolution and secondary mineral precipitation. .................................................................................. 83
Table 2-21. Initial rock mineral composition. ........................................................................................ 88
Table 2-22. Kinetic rate law parameters for mineral dissolution and precipitation. Modified from
Ratouis et al. (2020). .............................................................................................................................. 89
Table 3-1. Stratigraphy thickness of the wells considered in the sector model. .................................. 120
Table 3-2. Estimated fractures properties of marble and schist outcrop samples. ............................. 122
Table 3-3. Rock and fluid properties of the base case model. ............................................................. 123
Table 3-4. Scenarios with permeability variations for sensitivity. ....................................................... 124
Table 3-5. Measured and calculated chemical compositions (mole/kgw). ......................................... 133
Table 3-6. Kinetic rate constants and activation energy of considered minerals (Palandri and Kharaka,
2004). ................................................................................................................................................... 141
Table 3-7. Specific surface areas of some minerals with BET data for the minimum and maximum range,
BET new imaging method, and grain size distribution (Beckingham et al., 2016). ............................. 142
Table 3-8. Mineral contents and specific surface area of minerals used in reaction path calculations.
Porosity was taken as 2 %, and ambient temperature considered as 100°C to calculate the mineral
amount per kg water. ........................................................................................................... 144
21

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

Table 3-9. Permeability and porosity values set in TOUGHREACT simulations. .................................. 149
Table 3-10. Measured water chemical species of Kızıldere reservoir and after separation. ............... 149
Table 3-11. Mineral contents of scenarios. .......................................................................................... 150
Table 3-12. Scenarios with production and injection rate variations. ................................................. 151
Table 4-1. List of datasets used for the construction of the Castelnuovo – Mensano (Qualtra)
geomodels. In the table is specify which data were used for the first geomodel as well as the additional
data for the integrated geomodel. Moreover, the source of data is specified. ................................... 179
Table 4-2. Modeled layers with the corresponding litho-stratigraphic information and age. ............ 182
Table 4-3. List of the geophysical data used for cluster analysis of the Italian site. ........................... 190
Table 4-4. Statistics of the clusters (k = 10) of the Resistivity and Density interpolated dataset. ....... 190
Table 4-5. Statistics of the clusters (k = 10) of the Resistivity, Density, Susceptibility interpolated
dataset. ................................................................................................................................................ 191
Table 4-6. Bulk rock chemical composition of sample FB2. ................................................................. 210
Table 4-7. Zero point composition. ...................................................................................................... 214
Table 5-1. Statistical parameters of the measured clusters. ............................................................... 227
Table 5-2. Typical rock properties defined for the Upper Carboniferous of the Ruhr district (delta h.
2018). ................................................................................................................................................... 232
Table 5-3. Parameter variations for the sensitivity study, Bochum site. The unusual high opening width
of 0,005 m of the fault system is based on observations of rock cores from the site (mixed areas of
dolomite and voids) (Olschowsky, 2020) *calibration scenario as reference. ..................................... 236
Table 5-4. Groundwater sample analyses of wells O3 and O4 for comparison. Analysis O4 has been used
in the reaction path modelling. ............................................................................................................ 241
Table 5-5. PHREEQC saturation index calculation of groundwater analysis of well O4. The equilibrium
was calculated with a pressure of 15 bar (150 m water column). ...................................................... 245
Table 5-6. PHREEQC parameters (reactions and solubility constants as log) form PHREEQC.dat and
Carbfix.dat (ankerite). .......................................................................................................................... 247
Table 5-7. Initial solution (groundwater analysis from observation well O4) is first exposed to
atmospheric oxygen (1 bar at 12.9 °C). ............................................................................................... 248
Table 5-8. Addition of CO2 via equilibration calculation. .................................................................... 248
Table 5-9. Equilibration with ankerite, calcite and dolomite (buffering of the carbonic acid). ........... 248
Table 5-10. Equilibration of pyrite. ...................................................................................................... 249
Table 5-11. Equilibration of siderite. .................................................................................................... 249
Table 5-12. PHREEQC protocol excerpt of SI development between steps 1 – 4. Target phase for CO2
mineralization is Siderite (orange). ...................................................................................................... 249
Table 5-13: Parameters used for PHREEQC-coupled transport calculation within Feflow (Olschowsky,
2020). ................................................................................................................................................... 255

22

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

1. INTRODUCTION
This report is deliverable, D2.9: Report on integrated geological and reservoir models and injection
modelling.
The innovative Carbfix method of condensing and re-injecting gases from geothermal power
production for mineralization in the subsurface has already been tried and tested in Hellisheiði,
Iceland. The major goal of the GECO project is to apply this method at different demo sites and
shows it is a cost-effective and a safe option for reducing polluting carbon and sulfur emissions
from geothermal power production. The demo sites are located within different geological
settings and differ in their reservoir and chemical characterization.
This report presents the results of the geological and reservoir modelling as well as injection
modelling for each of the demo sites located in Germany, Iceland, Italy and Turkey. The geological
setting of the test sites was described in deliverable D2.1. and it is the basis for the geological
modelling described in this deliverable. Deliverable 2.2. reported on the reservoir model proxy
which is the foundation of the reservoir model also presented in this deliverable. The geological,
reservoir and geochemical models for each test site are built on the foundation formed with
iterative workflows and collaboration between different groups working on each demo site. The
integrated modelling effort is critical for a better understanding of each demo site which is unique
from a geological and reservoir aspect. This allows for an optimization of the injection strategies
and planning of the monitoring.
The report is divided in 5 chapters. Chapter 1 gives a short overview of the structure of the report.
The subsequent chapters are dedicated to the four demonstration sites, whereas each
demonstration site is presented in a separate chapter. Each demonstration site chapter is
concluded by its own list of references.
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2. ICELAND DEMO SITE
The CarbFix method has been demonstrated to be a safe and cost-effective approach to reduce
the carbon dioxide (CO2) and hydrogen sulfide (H2S) emitted from the Hellisheiði geothermal
power plant (Figure 2-1) within the Hengill volcanic system, SW Iceland (Clark et al., 2020;
Gunnarsson et al., 2018; Matter et al., 2016; Přikryl et al., 2018). In this method the gases are
captured, mixed with fresh water and subsequently injected into the basaltic subsurface where
they mineralize in the form of carbonate and sulfide minerals (Gunnarsson et al., 2018). The 2012
pilot study demonstrated that 95 % of the CO2 that was initially injected mineralized in the shallow
reservoir at 20 - 50 °C in less than two years, predominantly as calcite and all of the H2S
precipitated as pyrite in four months (Matter et al., 2016; Oelkers et al., 2019a,b; Snæbjörnsdóttir
et al., 2017). The CarbFix2 project that started in June 2014 aimed to upscale the CarbFix method
by capturing and injecting a portion of the Hellisheiði plant emissions into geothermally altered
basalts at temperatures of about 260 °C. By the end of 2017, 23,000 tons of CO2 and 11,800 tons
of H2S had been injected at the depth of 750 m. Clark et al. (2020) calculated that 60 % of injected
CO2 and more than 85 % of injected H2S were mineralized within four months after the gascharged waters were continuously injected into the CarbFix2 site. The successful outcome of the
CarbFix and CarbFix2 at the Hellisheiði power plant inspired scientists to expand this method of
CO2 and H2S mineral storage to the Nesjavellir geothermal plant, the other geothermal plant
operated in the Hengill volcanic system, as a part of a H2020 research and innovation project
called GECO.
The Nesjavellir high-temperature geothermal field (Figure 2-1) was chosen for demonstration in
Iceland within the GECO project, as the owner and operator of the power plant, Reykjavík Energy,
could provide a suitable well for the injection testing. Various models, including geology, reservoir
and geochemical modeling will allow the prediction of the carbonation potential and optimization
of the injection conditions. In the following sub-chapters, the data and the methods of each
modelling approach are described for the Icelandic demo site in Nesjavellir. In addition, a
conceptual model is presented that provides estimation of the carbon dioxide fixation within the
subsurface.

2.1 Geology of the Hengill volcanic system
The Hengill volcanic system in SW-Iceland includes a 60 - 70 km long NE-SW trending fissure
swarm and a central volcano. Within the system two high-temperature geothermal fields have
been exploited for electric and thermal power production. The Hellisheiði powerplant, the
location for the Carbfix experiment, is situated on the southern side of the Hengill central volcano,
with a capacity of 303 MWe and 133 MWth. The Nesjavellir high-temperature area is located on
the northern flanks of the Hengill central volcano. Within the Nesjavellir geothermal field the
GECO demonstration will take place. The powerplant was commissioned in 1990 and produces
120 MW of electricity and 300 MW of thermal energy. The tectonic settings of the Hengill volcanic
system has been described as a triple junction, formed by the interaction of two transtensional
rift zones, the Reykjanes Peninsula and the Western Rift Zone, with the South Iceland Seismic
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Zone. The Hengill volcanic system is mainly composed of basaltic hyaloclastite ridges, formed
during glacial periods and intercalated basalt lava series from interglacial periods (e.g. Franzson,
1998; Franzson et al., 2010). Hyaloclastite ridges dominate the topographic heights while the
lowlands and valley floors are filled with Holocene lavas (Sæmundsson, 1967, 1995). Postglacial
lavas are exposed in Nesjavellir, north of Hengill, and in the Hellisheiði area south of Hengill.
Holocene rifting events and associated volcanic fissures date back to around 9000, 5000 and 2000
years BP (Jonsson, 1975, 1977; Sæmundsson, 1995). The 5000 and 2000 years old fissures have
been linked to a pronounced geothermal anomaly (Franzson et al., 2010a).

Figure 2-1. Map of the area near the Nesjavellir power plant showing location of power plants, wells and fissures and
fractures (adapted from Snæbjörnsdóttir et al., 2020).

The Hengill volcanic system includes a central volcano which is considered to have reached an
early to intermediate stage in the evolution of a central volcano. It lacks a caldera and despite
different geophysical studies no signs of a magma chamber have been found at shallow depth
(Árnason et al., 2010). Therefore, the main heat source of geothermal activity is linked to
abundant dike injections (Foulger and Toomey, 1989; Árnason and Magnússon, 2001; Árnason et
al., 2010). Geothermal exploration and extensive drilling within the Hengill central volcano have
revealed stratigraphy down to a depth of 2.5 - 3 km. As evident by the study of drill cuttings in
the southern part of the Hengill central volcano, pillow basalt and hyaloclastite dominate the
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strata down to 800 - 1000 m below sea level (b.s.l.), while lava sequences are more prominent at
depth.
The results of several studies (e.g. Franzson, 1998, 2000; Franzson et al., 1986, 2010a;
Steingrímsson et al., 1990) have shown that in Nesjavellir, a dominant accumulation of
hyaloclastite down to approximately 400 m b.s.l. is present. Below that depth basalt lavas
dominate. This stratigraphic change has been interpreted as the onset of the activity associated
with the Hengill volcano with a tentative age of 0.3 to 0.4 my (e.g. Franzson et al., 2010a). Intrusive
rocks become noticeable below 800 m depth and increase to 80 - 100 % below 2000 m. These are
mostly basic dikes or inclined sills although shallow dipping intermediate sill-like intrusions are
also found. The appearance of both are considered to contribute substantially to the permeability
in the Nesjavellir field (Franzson et al., 2010a).
A more detailed account of the characteristics of the Nesjavellir test site can be found in
deliverable 2.1 (Weisenberger et al., 2020a).

2.2 Geological modelling
In the following sub-chapters, the data and the methods used to construct a geological model of
the geothermal field in Nesjavellir are described. For further modelling approach a sector model
is defined that focuses on permeability surrounding the pilot CO2 injection well NJ-18.

2.2.1 Data
Various data sets have been gathered through extensive studies of the Nesjavellir geothermal
field and majority of this data were available for this project. Not all the data has been used due
to reasons such as the data not being available in a digital format, or data from the wireline logs
that are acquired at different conditions and therefore need to go through complex quality
checking and calibrations. The data incorporated into the 3D modeling software Leapfrog
Geothermal is listed in Table 2-1 to Table 2-3.
Surface mapping of the Nesjavellir area in the early days of exploration revealed the main features
of the rocks in the area (Figure 2-2, Sæmundsson, 1995). The Nesjavellir field is covered by
Holocene basalt lava flows. The Háhryggur hyaloclastite ridge is to the west and the Stangarháls
hyaloclastite ridge to the east. The central volcano Hengill (~700 m above sea level, a.s.l.) is to the
south, partly covering the hyaloclastite ridges. The composition of the surface rocks is typically
basaltic. Earliest tectonic mapping of the Nesjavellir geothermal area revealed mostly rift
associated faults which have a strike direction of about N°30 and a minor vertical displacement
(Sæmundsson, 1967, 1995). Later work has revealed further fault directions such as N-S and
NNW-SSE (Árnason et al., 1986; Franzson, 1998; Gunnarsdóttir and Kristinsson, 2018).
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Table 2-1. Data incorporated into Leapfrog Geothermal - surface data - well locations.
Location in file system
01 Topography

Leapfrog file name
topography

02 GIS Data, Maps & Photos

clip_spot5

02 GIS Data, Maps & Photos

hengill_geology_map_image

02 GIS Data, Maps & Photos

Faults

02 GIS Data, Maps & Photos
02 GIS Data, Maps & Photos
02 GIS Data, Maps & Photos
02 GIS Data, Maps & Photos
02 GIS Data, Maps & Photos

GI_fumaroles
GI_springs
250_5-10
250_minna_en_5
eldv_polygon

02 GIS Data, Maps & Photos
02 GIS Data, Maps & Photos
03 Well data
03 Well data

GI_yfirbordsvirkni_poly_2016
hatt_undir_lagu
survey
collar

Description
Topography from National Land Survey of
Iceland (Landmælingar Íslands). Resolution:
25 x 25 m per pixel, extracted from a larger
topography model.
Satellite picture of the Hengill area from the
SPOT 5. Natural colors, original resolution is
2.5x2.5 m per pixel.
Geology map of the Hengill area, exported
as a figure.
Reviewed tectonic features map from
Sæmundsson (1995).
Fumaroles
Hot springs
Resistivity 5-10 Ωm
Resistivity <5 Ωm
Volcanic activity at surface - from the
geological map of Sæmundsson (1995)
Geothermal surface activity
High resistivity below low resistivity
Well trajectories for all wells in Nesjavellir
Well heads for all production wells and all
reinjection wells in Nesjavellir and
Hellisheiði TILGANGUR_HEITI states
whether the well is for production or
reinjection. TEGUND_HEITI states whether
the well is vertical or directionally drilled.

Source
LMI open database

Source file name
hengill_elevation_large.tif

LMI and spot IMAGE

clip_spot5.jpg

Sæmundsson (1995)

hengill_geology_map_image.jpg

Kristinsson and Þorbergsson
(2016)
Sæmundsson (1995)
Sæmundsson (1995)

brot_sk_ath_2016.shp

Sæmundsson (1995)

GI_fumaroles.shp
GI_springs.shp
250_5-10
250_minna_en_5
eldv_polygon.shp

ÍSOR data base
ÍSOR data base

GI_yfirbordsvirkni_poly_2016.shp
hatt_undir_lagu
survey.csv
collar.csv
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Table 2-2. Data incorporated into Leapfrog Geothermal - borehole data.
Location in file system
Leapfrog file name
03 Well data
intrusions

03 Well data

jardfraedi

03 Well data

jardfraedi_ein

02 Well data

jardfraedi_Hjalti

03 Well data

well_capacity

03 Well data

alteration_zones

Description
Intrusions analysed from cuttings and
published in phase reports. Intrusion=1
means intrusion; Intrusion=2 means
possible intrusion
Lithology from cuttings analyses
published in phase reports.
For this project it was necessary to
interpret and simplify the lithology in the
wells, leaving basalt lava flows,
hyaloclastite formations and intrusions.
Basalt lava flows = Fine-, medium- and
coarse-grained basalt. Hyaloclastite
formations = tuff, breccia and glassy
basalt. Intrusions and possible intrusions
are included.
Lithological formations as described by
Hjalti Franzson. Based on petrographical
analyses. Different hyaloclastite
formations and sessions of lava flows are
described. H=lava flow distinguished
between with roman numerals.
M=hyaloclastite formations distinguished
between with roman numerals.
Output measurements in all wells up to
NJ-27.
Alteration zones based on XRD analyses
on clays and cuttings analyses (epidote).
The zones are simplified although
anomalies are noted, e.g. if chlorite is
analysed within a smectite zone. Such
information may imply enhanced
alteration due to an intrusion or a feed
zone.

Source
Source file name
Logplot files from each well intrusions.csv

Logplot files from each well jardfraedi.csv
Logplot files from each well jardfraedi_ein.csv

Franzson (1988)

jardfraedi_Hjalti.csv

OR reports.

well_capacity

Logplot files from each well, alteration_zones.csv
XRD files and final reports
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Location in file system
Leapfrog file name
03 Well data
alteration_zones_final

Source
Source file name
Logplot files from each well, Alteration_zones_final
XRD files and final reports

03 Well data

Final reports and phase
reports

aedar

Phase reports and final
reports
ÍSOR data base

alteration_minerals_Hjalti_MD

Franzson (1998). Reservoir
geology of the Nesjavellir
high-temperature field in
SW-Iceland.
Franzson (PPT-file)

innskotathettleiki_thversnid.png

03 Well data
heildarsyn_nesjavalla
myndir

Description
All wells have been checked, alteration
zones simplified to no alteration,
smectite/zeolites, MLC (mixed layer clay),
chlorite/epidote, epidote/actinolite,
amphibolite.
aedar
Feed zones in wells NG-05 to NG-10
(excluding NG-08) and NJ-11 to NJ-28.
Size: 1=small, 2=medium, 3=large.
alteration_minerals_depth_hjalti_listi Depth to the first appearance of
alteration minerals.
nesjavlr_bergTferlar_070319
Formation temperature from certain
wells.
innskotathettleiki_thversnid
Cross section of intrusion density in a
geological cross section from well NJ-15
to well NJ-18.

myndir

hitnun_kolnun_cap-rock_depth

myndir

hitnun_kolnun_1000m

myndir

hitnun_kolnun_1500m

A map of the thermal situation at
approximately cap-rock depth - evaluated
from the comparison of alteration
temperature with formation temperature
- i.e. whether the system is heating,
cooling or in equilibrium.
A map of the thermal situation at
Franzson (PPT-file)
approximately 1000 m depth - evaluated
from the comparison of alteration
temperature with formation temperature
- i.e. whether the system is heating,
cooling or in equilibrium.
A map of the thermal situation at
Franzson (PPT-file)
approximately 1500 m depth - evaluated
from the comparison of alteration
temperature with formation temperature
- i.e. whether the system is heating,
cooling or in equilibrium.
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Location in file system
Leapfrog file name
03 Well data
vatnsaedar_2019

Description
Feed zones from wells NG-07 to NJ-30
interpreted from temperature logs and
assigned a connection to geology. Size:
1=small, 2=medium, 3=large. The
connection to geology: 0=uncertain,
1=stratigraphical boundary, 2=intrusion.

Source
ÍSOR data base,

Source file name
vatnsaedar_nesjavellir_einfalt.txt

Table 2-3. Data incorporated into Leapfrog Geothermal - geophysical data.
Location in file system
Leapfrog file name
04 Geophysics
Hiti
04 Geophysics
vidnam
04 Geophysics
04 Geophysics
04 Geophysics

nesjavellir_mag
NES_1DEMs_isn93_station
NES_1Dmod_isn93

04 Geophysics

NES_3DH100to5L_isn93

Description
Formation temperature model
Figure with a cross section of the resistivity,
alteration and stratigraphy.
Magnetic map of Nesjavellir, figure.
MT and TEM stations - locations
1D model of resistivity - interpretations of
resistivity surveys from 2019
3D model of resistivity - interpretations of
resistivity surveys from 2019

Source
OR
Árnason et al. (1986)

Source file name
vidnam_85_thversn.jpg
nesjavellir_mag.tif

Vilhjálmsson et al. (2019)
Vilhjálmsson et al. (2019)
Vilhjálmsson et al. (2019)
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Figure 2-2. Geological map of the Nesjavellir area (Sæmundsson, 1995). Red: scoria or spatter cone (eruption fissure).

The main characteristics of the subsurface is well known from 32 deep geothermal wells in the
area. The information on the geology of the subsurface is primarily based on binocular
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microscope analyses of cutting samples taken at 2 m interval during drilling, temperature logs,
XRD studies on clay minerals in some of the wells, and geophysical borehole logs (resistivity,
caliper, neutron-neutron, natural gamma) that have been acquired by the drilling of the
geothermal wells. Detailed lithological studies, including thin section analyses, were carried out
for the first 18 wells in Nesjavellir (e.g. Franzson, 1998). For wells since drilled, cutting analyses
have primarily been made with binocular microscope and are referred to as preliminary results.
Preliminary cutting analyses provide data on the lithology that each well penetrates. Well
locations, their trajectories and lithological logs for each deep well in Nesjavellir have been
prepared and incorporated into Leapfrog (Figure 2-3).

Figure 2-3. Lithology based on cuttings analyses (either binocular or combination of binocular and thin section
analyses) presented on well traces of production wells at Nesjavellir. Orange colors represent basaltic hyaloclastite
formations, blue formations represent crystalline basalt, violet sediments and green evolved rock.

Cuttings analysis also reveals alteration information, such as the existence and relative amount
of certain alteration minerals and the degree of alteration of the rock in each well. This data has
been used to define alteration zones (Figure 2-4).
Secondary alteration minerals form as a consequence of fluid-rock interaction at elevated
temperatures and by the breakdown of the primary phases (Figure 2-5). Sequences of alteration
minerals with increasing depth and temperature are identified as alteration zones in basaltic rocks
in Iceland (e.g. Kristmannsdóttir, 1978; Weisenberger and Selbekk, 2009). The Nesjavellir
reservoir rocks show the well-known trends of alteration zonation within high-temperature
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geothermal fields. The top tens or hundred meters consist of fresh rocks, followed by a layer of
cap rock where the alteration mainly consists of smectitic clay minerals (e.g. Schiffman and
Fridleifsson, 1991) and zeolites. The lower part of the clay cap is characterized by the occurrence
of mixed-layer clay minerals, which is followed by the chlorite alteration zone (e.g. Árnason et al.,
1987a; Schiffman and Fridleifsson, 1991; Weisenberger et al., 2020b). The hydrothermal reservoir
is characterized by the occurrence of epidote and chlorite and the production wells in the Hengill
geothermal system are usually cased down to the chlorite-epidote zone, indicating temperatures
exceeding 230 °C. The highest alteration state intersected in the geothermal wells in Nesjavellir
includes the formation of actinolite that indicated alteration temperature of about 280 °C.
A study of the resistivity structures in Nesjavellir showed a relation between resistivity and clay
minerals. Smectitic clay minerals were found to be located within low resistivity layers which are
typically found on top of high temperature geothermal areas (Árnason et al., 1987b). A high
resistivity layer below a low resistivity layer is associated with chlorite alteration. This type of
alteration and low resistivity layers can, however, also be found within extinct geothermal areas.
A recent study shows a better resolution of the deeper resistivity structures of Nesjavellir
(Vilhjálmsson et al., 2019). The results of the resistivity studies in the 70’s and the 80’s still remain
valid and important as they were conducted before the infrastructure was built in Nesjavellir
(Árnason et al., 1986). This applies specially for the upper part of the reservoir and the depth
down to the top of the low resistivity layer. The resistivity structures give indications on the shape
of the alteration zonation outside the area with a high density of wells.
Lithology and alteration in well NJ-18 is shown in Figure 2-4 as an example of all deep wells in
Nesjavellir. The stratigraphy of NJ-18 is characterized by hyaloclastite formations in the upper 800
m of the well, but basalt lava formations become more apparent below. According to the latest
correlation of alteration data (from cuttings analyses, XRD, petrographic analyses) the following
alteration zones are observed in NJ-18, in order of increasing alteration grade: Unaltered zone (0
- 500 m measured depth (MD), smectite-zeolite zone (500 to 1060 m MD), mixed layer clay zone
(1060 to 1180 m MD), chlorite-epidote zone (1180 to 1640 m MD) and epidote-actinolite zone
(1640 - 2136 m MD).
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Figure 2-4. Lithology and alteration of well NJ-18 (Weisenberger et al., 2020a).
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Figure 2-5. Stability fields of secondary minerals, including chemical vectors, primary minerals and their alteration
product for basaltic rocks in Iceland. The sketch in the upper part shows a prograde mineral sequence as observed in
Iceland’s geothermal systems at low-temperature conditions (modified after Kousehlar et al., 2012 and Weisenberger
et al., 2020b).

2.2.2 Construction of a geological model of Nesjavellir
A 3-D geological model of the Nesjavellir geothermal field was constructed in order to understand
the caprock-reservoir relation and to characterize the faults that drive the geothermal fluid flow.
A full-field geological model was first made, based on earlier work in the Nesjavellir field as well
as an earlier conceptional model. Based on the information in the full-field model a smaller sector
model focusing on the pilot CO2 injection well (NJ-18) was constructed.
2.2.2.1 The construction of a full-field Nesjavellir geological model
Lithological logs from all deep wells in Nesjavellir were simplified and defined as hyaloclastite
(including hyaloclastite tuff, hyaloclastite breccia and pillow basalt), basalt lava flows, basaltic and
dioritic intrusions (Figure 2-6Error! Reference source not found.). The units that were specifically
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modelled for the lithological model were hyaloclastite, basalt lava flows, diorite and basalt dikes
(including eruption fissures). In addition, a separate unit was defined for eruptive craters (basalt)
visible on surface.
The correlation of intrusions between wells can be rather complex since they may either have a
lateral or vertical extent. Two types of intrusions to be included in the model were defined:
basaltic dikes with vertical extent on the one hand and dioritic intrusions with horizontal extent
on the other. Basaltic sills were not included in the model due to difficulties in correlation
between wells. In the same way, some of the intrusions observed in the lithological logs of the
wells were disregarded to correlation problems (they were neither linked to eruption fissures nor
thought to be extensive or simple enough to model as sills). Regarding the basaltic dikes, only a
few were modeled, in most cases related to eruptive fissures that are visible at the surface. Were
disregarded the dikes following the main fault direction that do not reach the surface. These are
observed in the lithological logs of wells that have abundant intrusions at bottom towards the
middle of the production area. All the basaltic intrusions (including eruptive fissures)
considered as genetically related to the eruption fissures were considered as subvertical dikes
following the trend of the eruptive fissures. The basaltic intrusions are not affected by the fault
offset. The extension of basaltic intrusions is therefore underestimated in the full-field
model. Regarding the dioritic intrusions, the main intrusion is modelled as a sill based on the
conceptional model by Franzson (e.g. 2000) and is affected by the fault offset.

Figure 2-6. Simplified lithology logs in the Nesjavellir wells.
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The fault system in the model is based on surface data (Sæmundsson, 1995; Kristinsson and
Þorbergsson, 2016) and borehole studies (e.g. Franzson, 1998, 2000) (Figure 2-7). The faults that
had been identified within geothermal wells were projected to the observed surface faults.
Faults associated with the rift were integrated and some of them “activated” to model their
offset (the lithological layers are therefore offset by the fault). Three N-S faults, interpreted in
earlier work from cuttings analyses (e.g. Franzson, 1998), were included in the model. However,
these were not activated. All faults were defined as vertical walls with no assigned thickness.

Figure 2-7. Faults in the full field Nesjavellir geological model including rift related faults as well as N-S striking faults.
Well NJ-18 is furthest to the north.

The alteration model is based on the identification of alteration minerals from cuttings analyses
from each well as well as from XRD data (Figure 2-8). Since the data is derived from the wells, the
knowledge of the shape and the topography of these surfaces outside the main production area
is limited. Recent and older resistivity studies provide important information on the resistivity
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structures of Nesjavellir (Árnason et al., 1986; Árnason et al., 1987b; Vilhjálmsson et al., 2019),
especially outside the area where most of the wells are located. The 10 Ωm surface from the
resistivity model correlates well with the boundary between the smectite-zeolite and the MLC
(mixed layer clay) zone. It has been used to shape the boundary outside the main well area. The
following alteration zones were defined in all the deep wells in Nesjavellir: unaltered, smectitezeolites, mixed layer clay, chlorite-epidote, epidote-actinolite and amphibolite.

Figure 2-8. Alteration based on cuttings analyses (either binocular or combination of binocular and thin section
analyses) presented on well traces of production wells at Nesjavellir.

2.2.2.2 The construction of a sector model focusing on NJ-18
Well NJ-18 is located at the northern margin of the Nesjavellir field (Figure 2-9). It is more than 1
km away from the closest production well and even further from the main production area. It was
chosen for the CO2 injection both due to its distance from the main production area as well as not
being suitable for production. The focus of the sector modelling in this project was to provide a
basis for modelling of the flow of CO2 charged fluids and the fluid-rock interaction that will take
place within the vicinity of NJ-18. Modelling problems of this sort can be challenging to solve
computationally, which made it important to restrict the size of the model and the simulated
parameters. The sector model was not intended as a reduced full-field model but rather a sector
model using the geological and alteration full-field models as a base for a model that would serve
the reservoir and chemical modelling.
Following is a brief description of the sector modelling workflow:

38

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

•
•
•
•
•
•

Define an area of interest (AOI) based on the potential fluid pathways from NJ-18 (i.e.
area possibly affected by the injection)
Define which structures within AOI are important to the fluid flow from NJ-18
Define which petrophysical parameters are important for the reservoir modelling
Using data from the full field Nesjavellir model; define layers in wells inside the AOI
based on these parameters and construct a model based on them
Export grid based on model to use in reservoir modelling
Present data on alteration zonation and alteration model
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Figure 2-9. Aerial photo of Nesjavellir. Extensional fractions and faults from Sæmundsson (1995) and N-S faults from
Franzson (2000). The blue box defines the area of the sector model.

Iterations of the model were applied when new interpretations were made. Before the modelling
of the flow from injecting into NJ-18 started, an area of interest was defined focusing on NJ-18
and the potential pathways for the reinjected fluids (Figure 2-9). The main structural features
influencing the flow in the system have been illustrated in a conceptual model (Figure 2-10, e.g.
Franzson, 1988, 1998, 2000).
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Figure 2-10. A conceptual model of the Nesjavellir geothermal field showing the main structural features and direction
of flow in the reservoir at a natural state (Franzson, 2000).

No tracer data or other direct evidence for the direction of the flow in the Nesjavellir reservoir
existed in the beginning. Thus, some general assumptions had to be made regarding the direction
of flow.
The groundwater flow is in general towards north into direction of the Þingvallavatn lake (Čypaitė,
2018). At reservoir level, the flow at present is assumed to be driven by a pressure decline towards
the center of production. The conceptual model of Nesjavellir in a natural state, however, shows
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the geothermal fluid flow towards NE along the NNE-SSW trending eruption fissure (Figure 2-10).
The eruption fissure at the same time, however, creates a barrier for the fluid flow between the
west and the east, preventing fluids from flowing across the fissure. Furthermore, the wells that
penetrate the eruptive fissure show a temperature decline on the western side, further implying
its structural importance. The eruptive fissure has thus been identified as a major controlling
factor on the flow and incorporated into the sector model.

Figure 2-11. The formation temperature at 1000 m b.s.l. and wells in Nesjavellir shown in map view (modified after
Gunnarsson et al., 2011).

The stratigraphy in the wells, which is based on borehole cuttings, suggests that there are also NS trending faults within the area of drilling in Nesjavellir, partly cutting the eruptive fissures
(Franzson, 2000, 1988) (Figure 2-9). This is evidenced by lava flows appearing at different depths
in the wells suggesting tectonic fault movements. While considering which faults to use in the
sector model, a tracer was injected into NJ-18 in July 2019. Tracer recoveries have been slow and
12 months later only 2 wells had shown signs of recoveries, NJ-24 and NJ-25b (Figure 2-8). These
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wells intersect the eruptive fissure and it is believed that the main feed zones, where the tracers
enter the wells, are on the western side of the eruptive fissure. It was therefore decided not to
include any of the N-S faults cutting the eruption fissure in the sector model. The results of the
tracer test are influenced by the fact that there are no wells west, north or north-north-east from
NJ-18, where tracer recoveries could be monitored. Wells located along the potential flow path
were included in the sector model. These wells are NJ-18, NJ-16, NJ-24, NJ-11, NJ-25b and NJ-19.
Porosity and permeability are important parameters during modeling of the fluid flow. Both
porosity and permeability can differ between rock types (basalt lavas have less permeability than
hyaloclastite formations) as well as the alteration of the rock. Porosity and permeability can even
differ within rock units, the tops and bottoms of lava flows are e.g. generally more porous than
the center.
An increase in alteration causes the clogging of primary porosity by secondary minerals that
results in decreasing porosity and permeability.
Some generalizations were made to be able to model porosity and permeability within the AIO.
These assumptions were based on similar criteria as a study in the Húsmúli area at the
southwestern margin of the Hengill area (Ratouis et al., 2019) and are as follows:
•
There are three different types of rock formations within the stratigraphy of AIO
o Crystalline basalt lavas
o Basaltic hyaloclastite
o Intrusions (majority basic, minority intermediate)
•
Alteration affects porosity and permeability
o Fresh rocks have relative high permeability and porosity
o Smectite-zeolite altered rocks (clay cap) have relative low permeability and
porosity
o Altered (MLC, chlorite/epidote or actinolite zone) crystalline basalt has rather low
permeability
o Altered (MLC, chlorite/epidote or actinolite zone) hyaloclastite has medium
permeability, larger pores are increasingly filled with increased alteration (lower
macro porosity) while secondary micro porosity increases (at palagonite/glass
margins and within smectite clays (Franzson et al., 2010b).
•
Permeability associated with intrusions is twofold: The intrusive rocks are relatively
dense, but they are believed to contribute substantially to the permeability in the field,
because the fracture networks created by their emplacement are a major control on
aquifer permeability within the geothermal reservoir (e.g. Franzson, 1988). Hence, the
interstitial matrix porosity is relatively low resulting in a low permeability, but in
contrast the fracture porosity and permeability is relatively high.
In order to provide a model suitable for the reservoir model and reaction transport model and
with the above assumptions in mind, lithology and alteration have been combined and simplified
(e.g. thin layers of basalt lavas were omitted from hyaloclastite units and vice versa) (Figure 2-12).
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The resulted layers are named permeability layers. These layers have been assigned different
relative permeability (low, medium and high). The fresh layer is made up of unaltered rock, either
basalt lavas or hyaloclastite formations and has high permeability. The clay cap is assumed where
smectite clays are abundant resulting in low permeability. Below the clay cap are both altered
basalt lavas or hyaloclastite formations with either mixed layer clay or chlorite among other
secondary minerals. Permeability is considered rather low for altered basalt lavas and medium
for altered hyaloclastite formations. At the bottom of each well is an intrusion layer which covers
the part of the well where intrusions are abundant (>60 %). Permeability for the intrusions is
defined as both high (fracture permeability) and low (matrix permeability). A cross section of the
wells in the study area is presented in Figure 2-12.

Figure 2-12. Cross-section from south (A) to north (B) within the study area in Nesjavellir showing 2 logs on well traces,
simplified lithology and permeability layers as well as alteration surfaces from the alteration model. The location of
the profile is shown to the left on the sector model.

These permeability categories can be used as a guideline during the flow modeling. Actual values
for porosity and permeability are still somewhat elusive as few laboratory studies have been done
on altered basalts. The relationship between the two parameters and how it changes with
alteration, is also not well constrained.
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Most studies on porosity have been made on fresh rocks or rocks within the smectite-zeolite zone
(Franzson et al., 2010). Unaltered hyaloclastites have been measured to have a porosity of 15 60 % (Frolova et al., 2005) and the porosity of fresh basalt lava flows has been determined to be
in the range of 5 - 40 % (Franzson et al., 2008). Fresh rocks have empty pores but as alteration
proceeds and given that the pores are connected, they will consequently be filled up by secondary
minerals. With alteration of the basalts, the pore volumes decrease down to ~1 - 10 % (Sigurðsson
and Stefánsson, 1994).
Few studies have been conducted on highly altered rocks (chlorite or chlorite-epidote zone)
(Kristinsdóttir, 2010; Jaya, 2010). Two separate laboratory tests on hyaloclastites samples from
the chlorite zone of well NJ-17 in Nesjavellir reveal a porosity of 8.2 % and 12 %, respectively
(Sigurðsson et al., 1988; Kristinsdóttir, 2010). Samples from chlorite-epidote altered hyaloclastite
in well ÖJ-1 that is located within a high-temperature field at Ölkelduháls within the Hengill
volcanic system show a higher measured porosity of 14.6 - 20.7 %. In well KH-5 (Krafla, N-Iceland)
a porosity of 13.2 % was measured in an MLC/chlorite altered crystalline basalt (Kristinsdóttir,
2010).
A study by (Franzson et al. (2010b) has shown that basalts with less than 15 % primary porosity
have variable degree of infilling while rocks that exceed 15 % primary porosity are more likely to
have the pore space nearly completely filled. With initially few pores in a matrix it is unlikely that
the pores are connected; thus the pore space will not contribute to the permeability. This
indicates a non-linear relationship between porosity and permeability. For the purpose of
modelling the reservoir in Hellisheiði and Húsmúli an average porosity of 10 % was assumed
(Gunnarsson et al., 2011; Ratouis et al., 2019).
The permeability of relatively fresh hyaloclastites has been shown to range from 5 x 10-15 to 5 x
10-12 m2 (Franzson et al., 2010b). Field scale models of the Carbfix site on the south side of Hengill
reported horizontal and vertical absolute permeabilities of 3.0 x 10-13 and 1.7 x 10-2 m2
respectively (Aradóttir et al., 2012). The high vertical permeability represents fracture
permeability. Results from a 3-D X-ray microcomputer tomography study of core samples from
the same reservoir showed horizontal and vertical permeability of 5.10 x 10 -11 m2 and 2.07 x 1010 m2, respectively (Callow et al., 2018). The limitation of such a laboratory test is that it does not
include any larger flow paths such as on the bottom and top of lava flows which results in an
underestimation of the permeability. Results of these lab tests and field scale modeling attempts
indicate permeabilities on the order of 10-15 to 10-11 m2. These ranges are in an agreement with
the estimates of permeabilities of young oceanic basalt crust proposed by Fisher (1998) which
range from 10-13 to 10-9 m2.
The permeability layers in NJ-18 are shown in Table 2-4. The simplification of these layers is not
straight forward in all cases, e.g. regarding intrusions. Intrusive rocks are generally regarded
dense, with low porosity and permeability. However, intrusive rocks are formed when magma
intrudes the country rock, slowly cooling down, possibly forming cooling fractures. Theoretically
intrusions follow the orientation of the least principal stress. This orientation can vary with time
and depth. It may be near vertical, similar to most surface fractures and faults. It may also be
subvertical, resulting in the formation of sills. This results in permeable layers, within and around
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intrusions, evidenced by feed points in wells that are often associated with intrusions (Franzson,
1988). The same procedure was then followed for other wells within the reduced study area
(Figure 2-12).
Table 2-4. Permeability layers in NJ-18 and their different permeability categories and relative permeability. The
permeability is regarded isotropic in the (x,y) space. The same was done for wells NJ-11, NJ-16, NJ-19, NJ-24 and NJ25b.
Depth from (m MD) Depth to (m MD)
Permeability category
Relative permeability
0
500
Fresh rocks
High
500
1060
Clay cap
Low
1060
1195
Altered basalt
Rather low
1195
1220
Altered hyaloclastite
Medium
1220
1330
Altered basalt
Rather low
1330
1440
Altered hyaloclastite
Medium
1440
1510
Altered basalt
Rather low
1510
2136
Intrusions
Low and high

2.2.3 Results
2.2.3.1 3-D geological full field model of Nesjavellir
The 3-D geological model of Nesjavellir is shown in Figure 2-13 and Figure 2-14. Hyaloclastite
formations (brownish) are abundant in the uppermost 600 m, especially towards the south. Basalt
lavas (blue) in between hyaloclastite formations are thicker in the northern part of the Nesjavellir
area. At depth, basalt lavas become more abundant although hyaloclastite formations can be
found between lava layers. Intrusions have mostly been avoided, except for the eruption fissures
that reach the surface.
The alteration model is presented in Figure 2-15 and Figure 2-16. The model shows that unaltered
rocks, as well as the clay cap and other alteration layers, extend to greater depths towards the
north where well NJ-18 is located. Similar trend is also seen to a lesser extent towards both east
and west, forming a ridge like shape especially for the higher alteration (actinolite in particular).
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Figure 2-13. Cross-section through the Nesjavellir geological model (approximately N-S, north to the right, south to the left). Brownish formations represent
hyaloclastite formations, blue formations basalt lava flows, red basaltic intrusions (dikes) and eruptive fissures and green dioritic intrusion. Well NJ-18 is furthest
to the right.
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Figure 2-14. The full field geological model of Nesjavellir (looking towards south-west).

48

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

Figure 2-15. Cross-section of the alteration model of Nesjavellir showing the alteration zones (approximately N-S, north to the right, south to the left).
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Figure 2-16. Cross section of the alteration model of Nesjavellir (approximately east to west, east to the left, west to the right).
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2.2.3.2 3-D sector model with deducted relative permeability
For the purpose of flow modelling, the permeability layers have been simulated for the sector area
along with the permeable NNE volcanic fissure and the minor N-S trending fault (Figure 2-17) resulting
in a 3-D sector model of the relative permeability. The top layer is a relatively uniform sequence of
unaltered rock. This is followed by the clay cap. The thickness of the clay cap increases towards the
north depicting the difference in alteration between well NJ-18 and the wells closer to the main
production area. This layer partly interesects the permeability layers below, which are made up of
alternating altered hyaloclastite and altered basalt lavas. At the bottom there is a rather
uniform unit of intrusions (Figure 2-18), depicting the numerous basalt intrusions at depth in each of
the wells in the area.

Figure 2-17. A geological relative permeability sector model of the study area based on permeability layers from NJ-11, NJ16, NJ-18, NJ-19, NJ-24 and NJ-25b. Cross-section profile for Figure 2-18 is marked with a dashed blue line from A to B.
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Figure 2-18. Cross-section through the geological model based on permeability layers (A to B in Figure 2-17).

2.3 Reservoir modelling
2.3.1 Methodology
The reservoir model is constructed using the TOUGH2 software (Pruess, 1991) along with the
PyTOUGH scripting package (Croucher, 2011, 2015). The TOUGH2 simulator is a finite volume
multiphase porous media flow simulator. The first step in modelling with TOUGH2 is to set up a grid
that defines the volumes that make up the flow model.
The grid of the model has two main structural features (Figure 2-19). The first one is a radial grid
centered at well NJ-18 with an increasing radius of nodal rings. The largest ring has a radius of 3000
m. The other structural feature is a linear 3 node wide grid that follows the main fault. This fault, or
fissure, is believed to be the main flow path of the system and is therefore represented with a refined
grid. The grid is extended downward in twelve 100 m thick layers. The top layer is centered at z= -800
m a.s.l. and the bottom layer is centered at z= -1900 m a.s.l.
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Figure 2-19. Aerial view of the placements of grid points (yellow dots) around well NJ-18. Well locations and tracks of wells
(in blue) NJ-11, NJ-16, NJ-24, NJ-24, and NJ-31 are marked.

The orange points shown in Figure 2-19 are the locations of the centers of the elements of the TOUGH2
model grid. The shape of the elements are calculated via the Voronoï method, using the python
package SciPy (http://www.scipy.org/). This method makes the boundary elements infinitely large.
The shapes, volumes and connections between the model grid elements are translated to the TOUGH2
input file via a PyTOUGH script, a fast and easy way to change the grid.
This final model is small compared to standard reservoir models, consisting of 1884 elements and 6023
connections between elements.
As presented in section 2.2.2 the most important parameter for this type of modelling is the
permeability, the so-called rock types of the models were defined not by lithology but by permeability.
Different lithological layers with similar permeabilities were grouped together as permeability layers.
It was thus the permeability layers (Figure 2-17) that were used to assign rock types to the elements
of the TOUGH2 model. To simplify the model all elements in layers 0 and 1 were designated as the
caprock (claycap in yellow on Figure 2-20) with very low permeability. The permeability layers assigned
to the grid blocks of each layer is shown in Figure 2-20.
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Figure 2-20. Assignment of rock types to the elements of each layer in the TOUGH2 model. Boundary elements are not
colored.

All the boundaries in the TOUGH2 model were set with Dirichlet boundary conditions, i.e. the
temperature and pressure values were fixed at the boundaries. In TOUGH2 this can be done by
assigning the boundary elements very large volumes (V = 1050 m3) and setting the nodal distances
between the boundary element centers and their connection surfaces to be very small (D = 10 -3 m).
The centers of the boundary blocks in each layer of the model were marked with dots in Figure 2-20.
Flow was inactive between boundary elements. All elements in the top layer (layer 0 centered at z = 800 m a.s.l.) and the bottom layer (layer 12 centered at z = -1900 m a.s.l.) were designated as boundary
elements. The temperature values assigned to the boundary elements were derived from a 3-D
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formation temperature model for the Nesjavellir geothermal system while the pressure values were
estimated from initial pressure curves in nearby wells (Gunnarsson et al., 2010; Jónsson et al., 2019).
Conductive heat sources were given to every element in layer 11 (centered at z = -1800 m a.s.l.), the
layer above the bottom boundary layer, to simulate the heat advection into the system. The heat
sources were split in two groups: Sources inside the fissure and outside the fissure. The sources inside
the fissure were assigned a higher initial heat generation rate than those outside the fissure (Figure
2-21), since we expect a higher formation temperature in the area near the fissureFigure 2-11. The
formation temperature at 1000 m b.s.l. and wells in Nesjavellir shown in map view (modified after
Gunnarsson et al., 2011)..

Figure 2-21. Layer 11 centered at z = -1800 m a.s.l. This layer contains the heat sources. Also shown are boundary elements
marked with black dots. All layers have the same configuration of boundary elements as layer 11.

2.3.2 Model calibration
To calibrate the TOUGH2 model, the iTOUGH2 inverse modelling program (Finsterle, 2007) was used,
along with the TIM (Tim Isn’t Mulgraph) program (Yeh et al., 2013). This program calibrates a TOUGH2
model to match a collection of provided data sets. Three data sets were used to calibrate the model:
The formation temperature for wells, and initial pressure data for wells within the model boundary,
and flow test data in NJ-18 (Orkustofnun, 1987). The flow test in NJ-18 was performed soon after
drilling was completed.
The formation temperature data is derived from a 3-D temperature model of the region that was
constructed by using temperature logs from wells in the area (Gunnarsson et al., 2010). These
formation temperature points were uniformly distributed over the model. The maximum temperature
was set to be 350 °C in order not to exceed the upper temperature limit of the TOUGH2 simulator at
374.15 °C. The formation temperature in the system is not expected to be close to super-critical
conditions, so this approximation should have a negligible impact on the accuracy of the simulation.No
corresponding 3-D pressure model exists for the area, although an attempt was made to make a 3-D
pressure model using the kriging method (Montegrossi et al., 2020). This was, however, deemed to
introduce too much uncertainty due to how localized the pressure logs are. As a result, we only use
the estimated initial pressure curves in the wells.

55

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

The formation temperature and initial pressure, or steady-state, data sets are the best estimation of
the natural state of the system. Conversely, the flow test data is dynamic and thereby has the most
impact on the permeability calibration.
The step rate flow test, or transient pressure data set, reflects the reservoir response to injection. The
TOUGH2 model should ideally be able to follow the steady-state data as well as accurately model the
change in pressure during the transient state. For the transient state the TOUGH2 model was set to
begin mass injection prior to the start of the flow test, since the flow test was performed after drilling
finished, and water had been continuously pumped into to the system
The TOUGH2 model was calibrated using horizontal and vertical rock permeability, porosity and
constant heat generation rates (Table 2-5).
Table 2-5. Model parameters based on the model calibration. Parameters kept fixed during calibration are notated with
[Fixed].
Parameter
Value
Permeability along fissure
10-14 m2
Permeability perpendicular to fissure
10-18 m2
Fissure vertical permeability
10-15 m2
Fissure porosity
10% [Fixed]
Basalt horizontal permeability
10-18m2
Basalt vertical permeability
10-18 m2
Basalt porosity
10% [Fixed]
Hyaloclastite horizontal permeability
10-16m2
Hyaloclastite vertical permeability
10-16 m2
Hyaloclastite porosity
10% [Fixed]
Clay cap horizontal permeability
10-20 m2
Clay cap vertical permeability
10-20 m2
Clay cap porosity
10% [Fixed]
Intrusion horizontal permeability
10-13.85 m2
Intrusion vertical permeability
10-13 m2
Intrusion porosity
10 %
General heat generation
103 W
Fissure heat generation
104 W

The heat generation rates in layer 11 were split in two, one for the fissure and another for the general
reservoir outside the fissure. Each group of heat sources was calibrated together to fit the steady state
temperature. Having the constant heat generation rates for all grid blocks, and ignoring the difference
in connection areas, leads to a situation where the heat generation per area can vary by a large factor
between adjacent blocks. This is not ideal because it was expected that the heat generation per area,
and not the absolute heat generation, be isotropic throughout the reservoir and fissure.
For the initial values of the calibration, absolute permeabilities were estimated from the distribution
of permeabilities (Table 2-4). The clay-cap rock type was assigned a relative low permeability value,
while the fissure and intrusion rock types were assigned relative high permeability values. Other rock
types were assigned relative intermediate values of permeability between these extremes. The
horizontal and vertical permeabilities for each rock type were given the same values and 10 % porosity
was assumed for all rock types. For the heat generation, the fissure heat generation rate was set to be
higher than the general rate.
Starting from the initial values of parameters, the model was calibrated to fit a natural state described
by the formation temperature and the initial pressure data set. After this calibration the parameters
were further calibrated to match the flow test data. The new calibration was compared to the natural
state data and adjusted as needed. This process was iterated until a calibration was found that
matched all three datasets. Table 2-5 lists the values of the parameters for the final calibrated model.
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Note that the porosity was kept fixed due to insufficient data to differentiate between permeability
and porosity effects in the model.
A good correspondence was found between the model and the formation temperature and initial
pressure data, as is shown in Figure 2-22 and Figure 2-23, respectively. The biggest discrepancy is in
the pressure values in wells NJ-19, NJ-28, NJ-29 and NJ-30, which are located at the edge of the model.

Figure 2-22. Estimated formation temperature in wells within the model compared to model temperatures.

A comparison of the flow test data to the model is shown in Figure 2-24. The overall structure of the
model values fits well to the measured data. However, the model overestimates the pressure by a few
bars and does not fully capture the size of each step.
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Figure 2-23. Estimated initial pressure values in wells within the model compared to model pressure values.

Figure 2-24. Comparison of measured flow test data for well NJ-18 to the model.

In addition to the datasets mentioned above, we also obtained tracer data from a flow tracer test
conducted in the summer 2019, where 2,7-NDS, PFMCH and krypton tracers were injected into well
NJ-18. The tracer returns for 2,7-NDS started to show up in wells NJ-24 and NJ-25 in the beginning of
2020 (Figure 2-25). This model could not recreate the tracer return data. The flow test data improved
the flow calculations of the model close to well NJ-18, but the lack of tracer data in the calibration
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makes the model less reliable the further from the injection well NJ-18 the model gets. To model the
tracer data, it is necessary to use a dual-porosity model, which is discussed in the next section.

Figure 2-25. Measured tracer in well NJ-24 and well NJ-25 after tracer injection into NJ-18.

2.3.3 Dual Porosity
To incorporate the tracer data into the model, it was necessary to change from a single porosity model
to a dual porosity model using Multiple INteracting Continua (MINC) (Pruess et al., 1985). This was
done by splitting every model element into two parts. One corresponding to the elements rock matrix,
while the other to the fractures in the rock matrix. The fracture part is assumed to have higher porosity
and permeability than the rock matrix part and is the primary driver of flow in the model. Connections
between adjacent elements are only through the fractures, with the rock matrix in each element only
connected to the fracture of that element.
This new dual-porosity model was calibrated using the same data sets and methods discussed in the
previous chapter. The parameter values for the calibrated dual-porosity model can be seen in Table
2-6. The formation temperature fit (Figure 2-26) is not as good as for the single-porosity model. This
is not surprising, since the dual-porosity model, in addition to being more complex, has faster flow and
the heat is less localized. The heat generators discussed in the previous chapter are unnecessary for
the dual-porosity model and are removed, since the heat flow from the boundary elements is sufficient
to maintain the temperature values. For well NJ-16 we show temperature for both an element inside
and an adjacent element outside the fissure. The well is situated right at the edge of the fissure and
could be placed in either region.
The fit to the initial pressure curves (Figure 2-27) is very similar to the single-porosity model. The
injection step rate well test in NJ-18 was also recreated in the dual porosity model (Figure 2-28). While
there is a greater pressure drop in the reservoir in the dual-porosity case, the overall structure of the
pressure response is better.
With the dual-porosity model is it also possible to use the tracer recovery data to calibrate the model.
The modeled tracer response (Figure 2-29) gives the same order of magnitude for the tracer response,
while lagging slightly in time. The grid is less dense the further we get from NJ-18. The model showing
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an amount of tracer recovery consistent with the data, at roughly the same time, indicates that the
flow between NJ-18 and the production zone is captured by the dual-porosity model.
To trace the estimated path of the injected CO2 in the system we used the EOS2 (Equation of State 2)
module in TOUGH. This module allows TOUGH to model a reservoir containing dissolved and gaseous
CO2 in the reservoir fluid. EOS2 assumes that the CO2 is not reacting with the surrounding rock. It can
give an indication of where the injected CO2 would flow, and its phase, if it is not getting sequestrated
in the reservoir. We modeled continuous CO2 injection of 64 L/s over 7 and a half years (Figure 2-30).
We see that most of the CO2 stays outside the fissure and is very localized around NJ-18. The CO2 that
does reach the fissure spreads rapidly towards the production zone.
Table 2-6. Model properties for the dual-porosity model.
Parameter
Fracture permeability along fissure
Fracture permeability perpendicular to fissure
Fissure fracture vertical permeability
Fissure rock matrix permeability
Fissure fracture porosity
Fissure rock matrix porosity
Basalt fracture horizontal permeability
Basalt fracture vertical permeability
Basalt rock matrix permeability
Basalt fracture porosity
Basalt rock matrix porosity
Hyaloclastite fracture horizontal permeability
Hyaloclastite fracture vertical permeability
Hyaloclastite rock matrix permeability
Hyaloclastite fracture porosity
Hyaloclastite rock matrix porosity
Clay cap fracture horizontal permeability
Clay cap fracture vertical permeability
Clay cap rock matrix permeability
Clay cap fracture porosity
Clay cap rock matrix porosity
Intrusion fracture horizontal permeability
Intrusion fracture vertical permeability
Intrusion rock matrix permeability
Intrusion fracture porosity
Intrusion rock matrix porosity

Value
3 × 10-12 m2
1 × 10-19 m2
5 × 10-14 m2
1 × 10-19 m2
70%
2%
3 × 10-14 m2
8 × 10-16 m2
1 × 10-19 m2
50%
2%
1 × 10-14 m2
5 × 10-16 m2
1 × 10-19 m2
50%
2%
1 × 10-17 m2
1 × 10-17 m2
1 × 10-20 m2
50%
2%
3.5 × 10-14 m2
1 × 10-15 m2
1 × 10-18 m2
50%
2%
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Figure 2-26. Estimated formation temperature in wells within the model compared to dual-porosity model temperatures.
For well NJ-16 the temperatures inside and outside the fissure are shown, due to the well-being situated on the edge of
the fissure in the model.
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Figure 2-27. Estimated initial pressure values in wells within the model compared to dual-porosity model pressure values.

Figure 2-28. Comparison of measured flow test data for well NJ-18 to the dual-porosity model.
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Figure 2-29. Comparison of measured tracer in well NJ-24 and well NJ-25 after tracer injection into NJ-18, to the estimated
recovered tracer in the dual-porosity model.
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Figure 2-30. The fraction of CO2 in elements of the dual-porosity model after 7.5 years with 64 L/s injection of gas-charged
mixture. Shown are layers 6 (z = -1300 m a.s.l.) to 11 (z = -1800 m a.s.l.).

2.3.4 Conversion from the 3-D flow model to 1-D flow models
In order to simulate the flow paths of injected water into well NJ-18 a simulation was performed where
35 L/s of 80 °C water was injected into the well over a period of 7.5 years. The injection was set to
enter layer 7 (z=-1400 m a.s.l.) corresponding to an estimated large feed zone in the well. We used the
single porosity model rather than the dual porosity model since the bulk of the injected fluid remains
in the vicinity of the well. In the grid blocks close to the well the single-porosity and dual porosity
models simulate the data equally well, so for this simulation we used the simpler model. In this
scenario the dual water feature of TOUGH2 was used (EOS1). At the start of the simulation, the
reservoir contained a water 1 component, but the injected water was simulated as a separate water
2 component with the same physiochemical properties. These two water components interact
thermodynamically as if they are the same water component but the movement of the two water
types can be monitored separately. This allows us to see where the injection water flows in the model.
Figure 2-31 shows the fraction of the water 2 component on a logarithmic scale in layers 6 to 11 after
7.5 years of injection. The results suggest that the flow divides broadly into two flow tracks. One flow
track that goes from the injection well to the south-west outside the fissure and another into the
fissure region flowing to the west towards the production area. The injected water does not flow into
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the layers above layer 7, but flows roughly uniformly into layers 7 to 11. The concentration of water 2
in the reservoir drops very rapidly with radial distance from the injection well, remaining localized in
a few elements around it. Furthermore, the concentration of the water 2 component in the fissure
region is around an order of magnitude lower than outside of the fissure region.

Figure 2-31. The fraction of the water 2 component in elements in layers 6 (z = -1300 m a.s.l.) to 11 (z = -1800 m a.s.l.) after
7.5 years of 35 L/s injection into NJ-18. Note that the color scale is logarithmic.

2.3.4.1 The 1-D flow track outside the fissure
From the two identified flow tracks, we grouped the elements in the 3-D flow model into boxes that
then form the basis of a 1-D flow model. The grouping of the elements for the former flow track is
shown in Figure 2-32; the elements that were grouped together into boxes share the same color. As
temperature is a key parameter in the mineralization of CO2 and the initial temperature is from around
210 °C in layer 7 to roughly 255 °C in layer 11 (Figure 2-22), it will be more accurate to make one 1-D
chemical flow model per layer. However, in what follows we restrict our 1-D flow model to layer 7,
since that is the layer where the main feed zone of the well is located. Table 2-7 shows the total
volumes of each box of the 1-D flow model outside of the fissure along with the surface area between
the boxes and the radial distances from the site of the 35 L/s injection in well NJ-18.
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Figure 2-32. (a) Grouping of elements within boxes of the 1-D chemical flow model outside the fissure. (b) Schematic of the
1-D flow model.
Table 2-7. Volumes and distances of the boxes and surface areas between the boxes in the 1D chemical flow model within
the fissure.
Box 1
Box 2
Box 3
Box 4
Box 5
Volume
1.97 × 106 m3
1.74 × 107 m3
1.83 × 107 m3
1.36 × 107 m3
1.98 × 107 m3
Radial distance
0m
150 m
450 m
600 m
800 m
2
2
2
Surface area
40807 m
57242 m
67218 m
86949 m2

The evolution of the mass fraction, temperature, and pressure for the water 2 component as a function
of time are shown in Figure 2-33, Figure 2-34, and Figure 2-35, respectively. The lines depict the mean
value in the boxes and the values between the maximum and minimum values are colored. We see
from Figure 2-33 that the injection water (water 2 component) is mainly found in box 1 and box 2. In
box 3 the injection water is very diluted while in minuscule concentration in box 4.

Figure 2-33. Evolution of the mass fraction for the water 2 component in the boxes of the 1-D model outside the fissure
during the injection. (a) shows water 2 fraction in box 1, (b) in box 2, (c) in box 3 and (d) in box 4.

The localized concentration of the injection water also manifests itself in the evolution of temperature
and pressure in the 1-D flow model. Figure 2-34 (a) shows that box 1, the location of the injection, has
the most significant cooling, from 210 °C down to 95 °C, over the injection period. Box 2 has a more
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moderate cooling from 210 °C to 182 - 198 °C, with the final temperature depending on the element.
The other boxes reflect no cooling over the entire injection period. The pressure (Figure 2-35) only
changes significantly in box 1, increasing from 138 to 141 bar. The mass flux between the boxes is
shown in Figure 2-36.

Figure 2-34. Evolution of temperature in the boxes of the 1-D mode outside the fissure during the injection. (a) shows
temperature in box 1, (b) in box 2, (c) in box 3 and (d) in box 4.

Figure 2-35. Evolution of pressure in the boxes of the 1-D mode outside the fissure during the injection. (a) shows pressure
in box 1, (b) in box 2, (c) in box 3 and (d) in box 4.
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Figure 2-36. Evolution of mass flow between the boxes of the 1-D model outside the fissure during the injection. (a) shows
mass flow between box 1 and box 2, (b) between box 2 and box 3, (c) between box 3 and box 4, and (d) between box 4 and
box 5.

2.3.4.2 The 1-D flow track within the fissure
The grouping of elements for the flow track within the fissure is shown in Figure 2-37. The flow is
localized near the western edge of the fissure region, thus each box of the 1-D chemical flow model
within the fissure contains only one element. The volume of each box and the distance of the boxes
along the fissure is listed in Table 2-8. The distance along the fissure was measured from the center of
the first box. Here we only consider the injection layer, layer 7.

Figure 2-37. (a) Grouping of elements within boxes of the 1-D chemical flow model within the fissure. (b) Schematic of the
1D flow model.
Table 2-8. Volumes and distances of the boxes and surface areas between the boxes in the 1-D chemical flow model within
the fissure.
Box 1
Box 2
Box 3
Box 4
Box 5
Volume
1.35 × 106 m3
1.20 × 106 m3
1.26 × 106 m3
2.03 × 106 m3
3.05 × 106 m3
Distance
0m
100 m
200 m
300 m
400 m
Surface area
13509 m2
10111 m2
15142 m2
21037 m2
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Figure 2-38. Evolution of water 2 fraction in the boxes of the 1-D mode within the fissure during the injection. (a) shows
water 2 fraction in box 1, (b) in box 2, (c) in box 3 and (d) in box 4.

Figure 2-39. Evolution of temperature in the boxes of the 1-D model within the fissure during the injection. (a) shows
temperature in box 1, (b) in box 2, (c) in box 3 and (d) in box 4.

The evolution of the injection water fraction (water 2) in the boxes as a function of time is displayed
in Figure 2-38. The injection concentration grows more slowly at the beginning of this flow track than
outside the fissure because the injection was not directly into the first box of this model. The injection
water builds up a notable concentration in boxes 1, 2, and 3. However, the fraction of injection water
is negligible in box 4, except for a slight increase at the end of the injection period.
The temperature (Figure 2-39) drops from 211 °C to 181 °C in box 1 and to 207 °C in box 2. In boxes 3
and 4 the temperature remains stable over the injection period. Aside for a slight increase at the start
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of the injection, the pressure (Figure 2-40) remains stable in all the boxes. Figure 2-41 shows the mass
flow between the boxes in the model.

Figure 2-40. Evolution of pressure in the boxes of the 1-D mode within the fissure during the injection. (a) shows pressure
in box 1, (b) in box 2, (c) in box 3 and (d) in box 4.

Figure 2-41. Evolution of mass flow between the boxes of the 1-D model within the fissure during the injection. (a) shows
mass flow between box 1 and box 2, (b) between box 2 and box 3, (c) between box 3 and box 4, and (d) between box 4 and
box 5.

2.3.5 Summary
A single porosity TOUGH2 flow model for the area around well NJ-18 was calibrated with the available
data. This data includes formation temperature logs and initial pressure logs of wells within a 3 km
radius of well NJ-18 and flow test data for well NJ-18. The calibrated model was able to reproduce this
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data well. Along with this, data from a tracer test was also available, where tracers were injected into
well NJ-18 and recovered in wells NJ-24 and NJ-25. The single porosity model was not able to
reproduce the measured tracer concentration in wells NJ-24 and NJ-25. To reproduce the tracer data
a dual porosity model was also developed. The dual porosity model was able to roughly reproduce the
measured tracer concentrations in wells NJ-24 and NJ-25, but at the expense of not reproducing as
accurately the temperature and pressure data. It would be interesting to further investigate the tracer
data, f.ex. taking into an account thermal breakdown of tracer due to different flow paths.
The fact that the single porosity model reproduces the temperature, pressure and flow test data but
not the tracer data shows that the model simulates the flow close to well NJ-18 adequately but is less
accurate further away from the well.
Both the single porosity model and the dual porosity model were used to simulate the injection of
water into NJ-18. For the single porosity model, we used a pure water component. From the injection
simulations two possible flow paths of the injection water were identified. It was noticed that the
injection water outside the main fissure did not flow far from well NJ-18, justifying the use of the single
porosity model which is thought to be accurate close to well NJ-18. A 1-D flow chemical reactive model
was subsequently constructed using the parameters from the simulated flow paths of the single
porosity model. In the future it could be beneficial to make an analogous dual porosity 1-D model to
more accurately simulate the fracture flow in the model.

2.4 Reaction path modelling
2.4.1 Introduction
To investigate the potential efficiency of the CO2 and H2S storage in the Nesjavellir subsurface,
geochemical reaction path modelling has been carried out to assess the possible chemical reactions
during the fluid injection and its interaction with the aquifer rocks. In addition, results of the modelling
will help to predict the deep fluid chemical composition changes caused by the gas mixture injection
into the geothermal aquifer. These changes will be dictated by the injection rates, composition of the
injection mixture (partial pressures of the injected gases) and the distance from the injection well. The
models provide the chemical composition of the deep aquifer before, during and after the injection
and they suggest what minerals or amorphous phases might precipitate as the CO2-H2S-charged
mixture reacts with the subsurface rocks. Several reaction path models were run as a function of
temperature and fluid composition. These models focus on 1) assessing the reactions that will occur
within basalt reservoirs at different temperatures, 2) investigating the potential risks and limits, and
3) proposing the optimal conditions and injection rates for the mineralization of CO 2 and H2S gas
mixtures within basaltic reservoirs.

2.4.2 The Nesjavellir reservoir fluid chemistry
The main aquifers found in the producing wells of the area are located at 1000 - 1500 m depth. Aquifer
temperatures, calculated assuming their equilibrium with quartz (Gunnarsson and Arnorsson, 2000)
and using a silica geothermometer equation (Fournier and Potter, 1982), range from 260 to 300 °C. A
temperature >380 °C have been encountered in well NJ-11 (Ármannsson, 2016). A long-term
production monitoring program revealed a significant pressure drawdown within the geothermal
system upon increased production in 2005, but the decrease has slowed down in recent years
(Tryggvason, 2014).
The deep fluid at Nesjavellir is relatively dilute, with chloride (Cl) concentrations ranging from 60 - 180
ppm and sodium from 90 - 163 ppm based on 2017 measurements. Initial Cl concentrations were low
<10 ppm, however with an increasing use and the accompanying changes in enthalpy, Cl
concentrations increased gradually. The potassium (K) concentration is 16 - 30 ppm whereas
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calcium (Ca) is <1 ppm. The deep fluid has a pH ranging from 6.5 to 7.6, and CO2 and H2S concentrations
of 100 - 1000 ppm and 76 - 351 ppm, respectively. The fluid is undersaturated with respect to
amorphous silica and supersaturated with respect to calcite. The δ14C ratio is about 4 ‰ in CO2 and 38 ‰ in CH4 suggesting a magmatic origin of the gas (Ármannsson et al., 1998).

2.4.3 Geochemical model
2.4.3.1 Reaction path simulation
Geochemical modelling was carried out using the PHREEQC 3.3.12 geochemical code (Parkhurst and
Apello, 2013) together with a carbfix.dat thermodynamic database (Voigt et al., 2018), which is a
modification of the core10.dat database (Neveu et al., 2017). The results of the reaction path
calculations are more general comparing to the reactive transport modeling where time and place of
the reactions are predicted. Therefore, they are less susceptive for the uncertainties related to the
unknown fluid flow (porosity, permeability) within reservoir. The reaction path calculations were
performed to assess 1) the composition of the injected fluid, 2) the composition of the aquifer fluid as
a function of the amount of dissolved basalt in a presence of the CO 2 and H2S charged fluid, 3) the
possible secondary mineral assemblages as a function of the amount of dissolved basalt, 4) the
efficiency of CO2 and H2S mineralization as a function of reservoir temperature (at 150 °C, 220 °C, 250
°C, or 280 °C), partial pressures of CO2 and H2S and secondary mineral assemblages. The models
simulate a 1-D reactive path, mimicking the reactions of the injection front while travelling through
the basaltic reservoir. The system was divided into 100 reactive steps to track the progressive fluidrock interaction taking place along the flow path from the injection well towards the production
aquifer. In each reactive step a constant quantity of rock was allowed to dissolve in the injected fluid
followed by precipitation of selected minerals.
The bulk chemical composition of Stapafell basaltic glass (BG; Galeczka et al., 2014b; Gislason and
Oelkers, 2003) and crystalline basalt (XB; Gudbrandsson et al., 2011) was used as a dissolving primary
phase in every step. These phases were chosen as they have been widely used and characterized in
previous experiments on glass and crystalline basalt dissolution kinetics and the chemical composition
is similar to the composition of mid-ocean ridge basalt MORB (Clark et al., 2019; Galeczka et al., 2014b;
Gislason and Oelkers, 2003; Gysi and Stefánsson, 2012b; Oelkers and Gislason, 2001; Oelkers and
Schott, 1995; Pokrovsky and Schott, 2000; Stillings and Brantley, 1995; Stockmann et al., 2011; WolffBoenisch et al., 2011). The Stapafell BG chemical composition is consistent with
Si1.0Ti0.024Al0.355Fe0.207Mg0.276Ca0.265Na0.073K0.007O3.381 whereas the chemical composition of XB is
consistent with Si1Ti0.025Al0.329Mg0.310Fe(III)0.02Fe(II)0.193Ca0.273Na0.061K0.007O3.394 with the mineralogical
composition represented by 41.3 vol.% plagioclase, 34.0 vol.% pyroxene, 15.8 vol.% olivine, 4.7 vol.%
glass.
The secondary mineralogy used for the reaction path modelling (Table 2-9) was constrained based on
the alteration mineralogy observed in basalt formations (Alfredsson et al., 2013; Franzson et al., 2005;
Franzson et al., 2010; Kristmannsdóttir, 1979; Larsson et al., 2002; Marieni et al., 2019; Steingrímsson
et al., 1987). In line with the ongoing injection at Nesjavellir, the injected aqueous solution was
modeled at 90 °C, and subsequently heated up to the reservoir temperature. For each step, a given
quantity of primary BG or XB was allowed to dissolve in the injected fluid, and chosen secondary
minerals were allowed to precipitate at a local thermodynamic equilibrium (i.e. assuming fast
precipitation kinetics relative to fluid residence time; Oelkers et al., 2009).
To address the possible CO2-H2S storage efficiency within high temperature aquifers containing mainly
altered rocks such as the one at Nesjavellir, additional model was carried out, and it simulated the
reaction progress when the dissolved primary phase instead of the BG and XB consisted of secondary
minerals. The secondary minerals that were allowed to dissolve were chosen based on the field
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observations and included epidote, chlorite represented by chamosite, actinolite represented by
tremolite, wollastonite, and pyroxene represented by diopside. Due to unknown mass or volume
ratios between these minerals at the time of writing this report, their relative moles were set equal to
0.2. The secondary minerals allowed to precipitate at local equilibrium were identical as in the
previous scenarios when BG and XB was dissolved.
In the reaction path modelling, the local equilibrium assumption was used instead of mineral
precipitation rates due to (1) their limited availability, (2) lack off constraint on secondary mineral
surface area, (3) uncertainty related to the precipitation rate expressions, predicted by transition state
theory (Saldi et al., 2012; Schott et al., 2012), (4) poor quality of the thermodynamic properties
regarding some of the minerals such as clays included in the database (Oelkers et al., 2009). Although
the partial equilibrium between fluid and secondary phases has been questioned (c.f. Zhu and Lu,
2009), in the present study it was used for illustrative purpose to investigate the processes that
determine the evolution of the fluid chemical composition as a result of the CO2-H2S-water-rock
interaction.
Table 2-9. Secondary mineral assemblages used in the reaction path modelling together with the logarithm of their
equilibrium constants at 25 °C (Voigt et al., 2018; Marieni et al., 2019).
Secondary phase
Reaction
LogK (25 °C)
Calcite
CaCO3 + H+ = Ca+2 + HCO31.849
Pyrite
FeS2 + H2O = 0.25H+ + 0.25SO4-2 + Fe+2 + 1.75HS-24.653
Ilmenite
FeTiO3 + 2H+ + H2O = Fe+2 + Ti(OH)4
0.905
Albite
NaAlSi3O8 + 4H+ = Al+3 + Na+ + 2H2O + 3SiO2
2.765
K-feldspar
KAlSi3O8 + 4H+ = Al+3 + K+ + 2H2O + 3SiO3
-0.275
Epidote
Ca2FeAl2Si3O12OH + 13H+ = Fe+3 + 2Al+3 + 2Ca+2 + 3SiO2 + 7H2O
32.93
Quartz
SiO2 = SiO2
-3.999
Prehnite
Ca2Al2Si3O10(OH)2 + 10H+ = 2Al+3 + 2Ca+2 + 3SiO2 + 6H2O
32.931
Clay minerals
Saponite-Fe-Fe
Fe3.175Al0.35Si3.65O10(OH)2 + 7.4H+ = 0.35Al+3 + 3.175Fe+2 + 3.65SiO2 + 4.7H2O
18.936
Saponite-Fe-K
K0.35Fe3Al0.35Si3.65O10(OH)2 + 7.4H+ = 0.35K+ + 0.35Al+3 + 3Fe+2 + 3.65SiO2 + 4.7H2O
18.794
Saponite-Mg-Mg
Mg3.175Al0.35Si3.65O10(OH)2 + 7.4H+ = 0.35Al+3 + 3.175Mg+2 + 3.65SiO2 + 4.7H2O
26.252
Saponite-Mg-K
K0.35Mg3Al0.35Si3.65O10(OH)2 + 7.4H+ = 0.35K+ + 0.35Al+3 + 3Mg+2 + 3.65SiO2 + 4.7H2O
26.008
Saponite-Mg-Fe
Fe0.175Mg3Al0.35Si3.65O10(OH)2 + 7.4H+ = 0.175Fe+2 + 0.35Al+3 + 3Mg+2 + 3.65SiO2 +
27.679
4.7H2O
Beidellite-Ca
Ca0.175Al2.35Si3.65O10(OH)2 + 7.4H+ = 0.175Ca+2 + 2.35Al+3 + 3.65SiO2 + 4.7H2O
5.591
Beidellite-Fe
Fe0.175Al2.35Si3.65O10(OH)2 + 7.4H+ = 0.175Fe+2 + 2.35Al+3 + 3.65SiO2 + 4.7H2O
4.634
Beidellite-K
K0.35Al2.35Si3.65O10(OH)2 + 7.4H+ = 0.35K+ + 2.35Al+3 + 3.65SiO2 + 4.7H2O
5.309
Beidellite-Mg
Mg0.175Al2.35Si3.65O10(OH)2 + 7.4H+ = 0.175Mg+2 + 2.35Al+3 + 3.65SiO2 + 4.7H2O
5.554
Beidellite-Na
Na0.35Al2.35Si3.65O10(OH)2 + 7.4H+ = 0.35Na+ + 2.35Al+3 + 3.65SiO2 + 4.7H2O
5.647
Chlorites
Chamosite
Fe5Al2Si3O10(OH)8 + 16H+ = 3SiO2 + 2Al+3 + 5Fe+2 + 12H2O
32.842
Clinochlore
Mg5Al2Si3O10(OH)8 + 16H+ = 3SiO2 + 2Al+3 + 5Mg+2 + 12H2O
67.239
Zeolites
Analcime
Na0.96Al0.96Si2.04O6:H2O + 0.92H2O = 0.96Al(OH)4- + 2.04SiO2 + 0.96Na+
-15.484
Chabazite-Ca
CaAl2Si4O12:6H2O = 2Al(OH)4- + Ca+2 + 4SiO2 + 2H2O
-30.955
Chabazite-Na
Na2Al2Si4O12:6H2O = 2Al(OH)4- + 2Na+ + 4SiO2 + 2H2O
-28.824
Laumontite
CaAl2Si4O12:4.5H2O = 2Al(OH)4- + 4SiO2 + Ca+2 + 0.5H2O
-30.955
Mordenite-Ca
Ca0.5AlSi5O12:4H2O = Al(OH)4- + 0.5Ca+2 + 5SiO2 + 2H2O
-29.938
Stilbite-Ca
CaAl2Si7O18:7H2O = 2Al(OH)4- + Ca+2 + 7SiO2 + 3H2O
-42.481
Thomsonite
Ca2NaAl5Si5O20:6H2O + 4H2O = 5Al(OH)4- + 2Ca+2 + 5SiO2 + Na+
-61.659
Wairakite
CaAl2Si4O12:2H2O + 2H2O = 2 Al(OH)4- + 4SiO2 + Ca+2
-27.005

The NJ-18 injection well has been used to inject brine and condensate as a part of the power plant’s
sustainable management activities since 2018. The chemical composition of the injection brine
(background reinjection fluid) can be seen in Table 2-10. The chemical composition of the CO2-H2S
charged condensate that will be mixed with the background reinjection fluid has been
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calculated using proposed annual amounts of the sequestered CO2 and H2S and reinjection flow rates.
About 1000 tons/year of CO2 and 400 tons/year of H2S at partial pressures of 7.5 and 3.5 bar,
respectively, are planned to be injected annually. The flow rates of the CO 2-H2S condensate and the
background brine will be 2 L/s and 23 L/s, respectively. This mixture of the background fluid and the
CO2-H2S charged condensate in proportions reflecting the injection flow rates was used as an initial
solution for the reaction path modelling. The concentration of the initial DIC (dissolved inorganic
carbon) and H2S were 27.8 and 14.1 mmol, respectively, and the pH of the mixture was 5 at 84 °C.
Additional models for BG at higher than planned pCO2 (9.5, 13.5, 16.5 bar) were also performed to
assess the CO2 mineralization efficiency as a function of increasing pCO2.
Table 2-10. The chemical composition of the fluids that were used in the reaction path modelling. Concentrations are given
in mmol/L. The injection fluid is a mixture of the background fluid and the CO2-H2S charged condensate in proportions
reflecting the injection flow rates. The deep aquifer is represented here by NJ-24.
Background
CO2-H2S charged
Injection fluid*
Deep aquifer
reinjection fluid
condensate *
(NJ-24)
Temp. °C
90
15
84
280
pH
8.69
3.42
5
7.11
Temp./pH °C
23.1
mmol
Al
0.048
0.044
0.060
B
0.096
0.089
0.059
CO2
0.242
345
27.8
Ca
0.005
0.004
0.015
Cl
2.43
2.24
1.75
Fe
0.001
0.001
0.002
K
0.435
0.400
0.575
Mg
0.001
0.001
0.004
Na
3.72
3.42
5.21
H2S
1.33
161
14.1
8.65
SO4
0.162
0.149
0.113
SiO2
5.84
5.38
9.69
* calculated using PHREEQC based on the gas’s partial pressures

The chemical composition of the deep aquifer represented here by the production fluid in well NJ-24
(Table 2-10) was used to simulate the water-rock interaction when the injection water is mixed with
the fluid present in the deep aquifer. The deep fluid composition was calculated using WATCH
speciation program (Arnórsson et al., 1982; Bjarnason and Arnórsson, 2010) as well as the composition
of the NJ-24 discharge fluid. The redox conditions in the reaction path models were controlled by the
SO4/H2S speciation.
Validation based on the CarbFix2 monitoring data (Clark et al., 2020; Gunnarsson et al., 2018) showed
that a total of 0.2 mol of basaltic glass dissolution was sufficient to reach outlet fluid concentrations
observed in the monitoring wells (c.f. Marieni et al., 2019). In line with this observation and to enable
the comparison between the models, the same amount of primary phase (BG and XB) was used to
dissolve in the modelled scenarios.
2.4.3.2 Reactive transport modelling
The fluid compositional evolution from the injection well towards the production field was also
modelled using a 1-D reactive transport simulation with the aid of PHREEQC. The fluid phase was
allowed to react with BG in accord with Eq. (2-1), taking into account the fluid composition and its
saturation state with respect to the hydrated basaltic glass surface (2).
The dissolution rate of basaltic glass can be described using (Gislason and Oelkers, 2003) where r+geo
represents the geometric surface area normalized steady-state basaltic glass dissolution rate, AA
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designates a pre-exponential factor (10-5.6 mol of Si/cm2/s), EA refers to a pH independent activation
energy (25.5 kJ/mol), and σ corresponds to the Temkin parameter, equal to 1 for basaltic glass when
its formula is normalized to one Si atom (Daux et al., 1997).
𝑟+,𝑔𝑒𝑜 = 𝐴𝐴 𝑒𝑥𝑝

−𝐸
( 𝐴)
𝑅𝑇

(

3
𝑎𝐻
+

1
3

∆𝐺𝑟
)) [𝐸𝑞. 2 − 1]
) (1 − exp (
𝑎𝐴𝑙3+
𝜎𝑅𝑇

Si1.0Al0.35O2(OH)1.05 + 1.05H+ + 0.95H2O = 0.35Al3+ + H4SiO4 [𝐸𝑞. 2 − 2]
The ΔGr symbolizes the Gibbs free energy of the hydrated basaltic glass dissolution (Eq. 2-1). The term
∆𝐺

(1 − exp (𝜎𝑅𝑇𝑟 )) reflects the saturation state of the fluid with respect to the hydrated basaltic glass in
accord with reaction (Eq. 2-2).
To constrain the 1-D reactive transport model, the grid that defines the volumes in the reservoir model
was used. The distance from the injection well to the boundary of the first box was equal to 75 m. To
investigate the initial water-rock interaction along this flow path the reactive transport model
consisted of 75 cells with a length of 1 m each. The flow of the fluid was directed from the first towards
the 75th cell, and the time step that defines the duration of the interaction of the fluid and the rock
within one cell was set to about 5 days (400,000 seconds). In total, 100 shifts were modelled meaning
that the duration of the model was 463 days. The initial amount of BG in each cell was set to 0.2 moles
(25 g) with a surface area of 179 cm2 calculated using a geometric surface area of 290 cm2/g (Galeczka
et al., 2014b). In accord with previous studies on modelling of the CO2-water-basalt interaction in the
field and in the experiments, the reactive surface area was decreased by factor of 10 (Aradóttir et al.,
2012; Clark et al., 2019; Gysi and Stefánsson, 2012a).
The initial fluid in the cells that was replaced by the CO 2-H2S charged mixture was set equal to the
chemical composition of the background injection fluid (Table 2-10). The BG was assumed to dissolve
stoichiometrically. The diffusion was taken into account using a diffusion coefficient of 3 x 10 -10 m2/s.
The dispersivity was set to a default value of 0.002 m. Note that the effects of fluid channeling were
not directly taken into account by this model. In the first scenario, the BG was allowed to dissolve
according to the rate expression (Eq. 2-1) but secondary minerals were not allowed to precipitate. In
the second scenario, the BG dissolution was also calculated with Eq. 2-1, but the secondary minerals
commonly forming in basaltic systems were assumed to form at local equilibrium. To simplify the
modeling only calcite, pyrite, chamosite, and quartz were allowed to precipitate. The temperature was
assumed constant and was equal to 200 °C.

2.4.4 Results
2.4.4.1 The pH evolution
The results of the reaction path calculations at all the simulated temperatures (150 °C, 220 °C, 250 °C,
and 280 °C show that the pH increases with the increasing amount of dissolved primary phase (Figure
2-42a and c). The temperatures chosen for the models simulate the temperature increase from the
injection well to the production wells where the deep fluid temperature is mostly about 280 °C. The
pH increase depends on the temperature, the primary dissolving phase (BG or XB) and the secondary
minerals allowed to form. For 150 °C, calcite, pyrite, laumontite, mordenite, beidellite, saponite,
analcime, and ilmenite formed during the progressive dissolution of BG and XB (Figure 2-42b). The
final pH after the dissolution of the primary phase was 8.9 and 10.2, respectively for BG and XB.
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Figure 2-42. The evolution of the DIC (dissolved inorganic carbon), pH and secondary mineral alteration as a function of
dissolved basaltic glass (BG) at 150 °C (a, b) and at 220 °C (c, d). Note the different scale on the primary y-axis in d.

Figure 2-43. The formation of the secondary mineral alteration as a function of dissolving BG at 250 °C (a,b) and 280 °C
(c,d). The a and c present the evolution when all the secondary minerals listed in the legend are allowed to precipitate,
whereas b and d show when tremolite is not allowed to form.

At 220 °C, 250 °C, and 280 °C the secondary minerals chosen to form were calcite, pyrite, quartz,
prehnite, chamosite, wairakite, clinochlore, K-feldspar, albite, ilmenite, epidote, and tremolite. At 220
°C when all these phases were allowed to form, the pH increased from 5 up to 7.8 and 8.6 for BG and
XB, respectively. When epidote was not allowed to precipitate the final fluid pH was 8.2 (Figure 2-42c,
d) and 8.4 for BG and XB, respectively. The smallest pH increase was calculated for 250 °C and 280 °C
when all the chosen secondary phases were allowed to form with the final pH calculated to be 6.8 for
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BG (Figure 2-43) and XB. When tremolite was excluded from the secondary alteration minerals at these
temperatures, the pH increased from 5 to 7.5 and 7.6 for BG and XB, respectively. When excluding
tremolite and epidote, the final pH was 7.1 - 7.4.
In models where the progressive water-rock interaction was modelled at higher initial pCO2, the final
pH after BG dissolution was lower comparing to the scenarios at 7.5 bar of initial pCO2. Note that in
these scenarios the initial pH was: 4.91, 4.78, and 4.73 for 9.5, 13.5, and 16.5 bar pCO2, respectively.
Note, that for these scenarios, the amount of dissolved BG remained the same.
2.4.4.2 The secondary mineral assemblages
The secondary minerals and their amounts formed during the progressive dissolution of BG and XB by
the CO2-H2S charged fluid depend on the temperature and the selection of the secondary minerals
that were allowed to precipitate. At 150 °C the first minerals that started to precipitate were
mordenite, pyrite, saponite (Mg-K), and beidellite (Mg); (Figure 2-42b). Later in the reaction path,
saponite (Mg-Fe and Fe-Fe), beidellite (Fe), ilmenite, and analcime formed. Calcite started to
precipitate shortly after the onset of the reaction – when only 0.008 mol of BG, or 0.004 mol of XB
dissolved and the pH was 5.8 in both scenarios. After about 0.1 mol of BG and 0.05 mol of XB
dissolution at about pH 8.8 there was no calcite formation. At this point most of the initial DIC has
been taken up by calcite and therefore the laumontite (Ca-bearing zeolite) started to form. In total
0.09 and 0.13 mol of secondary minerals precipitated when 0.2 mol of BG and XB dissolved,
respectively. The amount of calcite precipitated in the final stage of the reaction progress was about
0.027 mol.
At 220 °C the first minerals to precipitate were quartz, pyrite, prehnite, and clinochlore (Figure 2-42d).
Later in the reaction progress ilmenite, albite, K-feldspar, chamosite, and epidote formed. The calcite
started forming at pH of 6.2 after dissolution of about 0.012 mol of BG and 0.008 mol of XB. In contrast
to the modelling results at 150 °C (Figure 2-42b), the calcite did not consume most of the initial CO2,
therefore it steadily precipitated until the end of reaction path modelling. In total 0.15 and 0.24 mol
of secondary minerals precipitated when 0.2 mol of BG and XB dissolved, respectively, with quartz as
the most abundant mineral (in mol). About 0.014 mol of calcite formed in both cases. In contrast when
epidote was not allowed to precipitate 0.023 mol of calcite formed. Note that there were two models
at 220 °C that assumed 1) all the minerals were allowed to precipitate at 220 °C (calcite, pyrite, quartz,
prehnite, chamosite, wairakite, clinochlore, K-feldspar, albite, ilmenite, epidote, and tremolite) 2) all
the minerals listed in 1) excluding epidote.
At 250 °C the first minerals to precipitate were quartz, pyrite, prehnite, and clinochlore. Later in the
reaction progress tremolite, ilmenite, albite, K-feldspar, chamosite, and epidote formed (Figure 2-43a,
b). When tremolite was allowed to precipitate calcite did not form (Figure 2-43a). In contrast, when
tremolite was not allowed to precipitate, minor amount of calcite started forming at about pH 6.3
when 0.006 mol of primary phases dissolved (Figure 2-43b). In the presence of tremolite 0.08 and 0.16
mol of secondary minerals precipitated when 0.2 mol of BG and XB dissolved, respectively. There is
also a greater contribution of epidote in secondary alteration comparing to the scenario at 220 °C. In
the absence of tremolite 0.12 and 0.21 mol of secondary minerals formed when BG and XB dissolved,
respectively, of which about 0.01 mol of calcite formed in both scenarios. In contrast when epidote
was not allowed to precipitate 0.023 mol of calcite formed. In the final stage of BG dissolution in
absence of both tremolite and epidote 0.006 mol of calcite formed out of 0.09 mol of secondary
alteration. When XB dissolved 0.004 mol of calcite out of 0.14 mol of secondary minerals formed.
At 280 °C the sequence of secondary minerals formation was similar to the sequence predicted by the
model at 250 °C with pyrite, prehnite, and clinochlore forming at the initial stage (Figure 2-43c, d).
Later in the reaction progress other minerals precipitated. When tremolite was allowed to precipitate,
calcite did not form (Figure 2-43c). In contrast, when tremolite was not allowed to precipitate, minor
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amount of calcite started forming at about pH 6.6 when 0.004 mol of primary phase dissolved (Figure
2-43d). In the presence of tremolite 0.07 and 0.15 mol of secondary minerals precipitated when 0.2
mol of BG and XB dissolved, respectively. There is also a greater contribution of epidote and albite in
secondary alteration compared to the scenario at 250 °C. In the absence of tremolite, 0.11 and 0.20
mol of secondary minerals formed when BG and XB dissolved, respectively. When XB dissolved in
absence of tremolite formation, the amount of precipitated calcite was 0.009 mol in contrast to 0.005
mol when BG dissolves.

Figure 2-44. The number of moles of calcite comparing to the other minerals that were allowed to precipitate at different
temperature scenarios 150 °C (a), 220 °C (b), 250 °C (c), and 280 °C (d). These plots represent the most optimistic scenarios
regarding the amount of calcite precipitated. The scenarios include no epidote formation at 220 °C, and no tremolite
formation at 250 °C and 280 °C.

Note that there were three models at 250 °C and at 280 °C that included 1) all the minerals allowed to
precipitate at these temperatures (calcite, pyrite, quartz, prehnite, chamosite, wairakite, clinochlore,
K-feldspar, albite, ilmenite, epidote, and tremolite) 2) all the minerals listed in the first model excluding
tremolite, and 3) all the minerals listed in the first model excluding epidote and tremolite. The number
of moles of calcite forming at different temperatures compared to the moles of the rest of the minerals
can be seen in Figure 2-44.
An assessment of the fate of injected CO2 gas requires one to investigate the Ca distribution within
secondary minerals. Depending on the temperature and the secondary mineral chosen to precipitate,
Ca can be taken up by calcite, laumontite, and mordenite at lower temperature (150 °C) and by calcite
prehnite, epidote, and tremolite at higher temperatures (220 °C, 250 °C, and 280 °C), as well as
thomsonite which was not considered in this study. At higher temperatures, prehnite is the
predominant Ca scavenging phase at the initial stage of the reaction path, followed by epidote and
tremolite in absence of calcite.
The integrated process of dissolution of primary phases and precipitation of secondary minerals
results in a rock volume increase due to the greater molar volume of the latter. The dissolution of 0.2
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mol of BG resulted in a loss of about 8.2 cm3 based on the molar mass of BG and the density of natural
glasses (Galeczka et al., 2014b; Wolff-Boenisch et al., 2004). In contrast, the dissolution of 0.2 mol of
XB resulted in loss of 15.2 cm3 based on the molar volumes and proportions of the main minerals that
contribute to the XB mineral composition (plagioclase, pyroxene, olivine; Gudbrandsson et al., 2011;
Voigt et al., 2018). Lower temperatures favor precipitation of a relatively large molar volume minerals
such as clays and zeolites with molar volumes up to five times greater than molar volume of BG (Voigt
et al., 2018). At 150 °C the volume of secondary minerals was greater by 34 % and 26 % compared to
0.2 mol of dissolved BG and XB, respectively (Table 2-11 and Table 2-12). With the increasing
temperature, the volume of secondary minerals that formed as a response to the dissolution of
primary phases decreases with the overall net volume loss at the highest modelled temperature.
Table 2-11. The overall rock volume change at the final stage of the reaction path modelling. Positive number indicates the
volume increase and negative number reflects volume decrease compared to the dissolved BG phase.
Temperature
Secondary alteration
All minerals
Calcite
Volume change
(°C)
(cm3)
(cm3)
(%)
150
all minerals
11.0
1.0
33.6
220
all minerals
8.4
0.5
2.0
220
no epidote
9.5
0.9
15.3
250
all minerals
8.4
0.0
2.5
250
no tremolite
8.1
0.3
-0.6
250
no epidote, no tremolite
7.2
0.2
-11.9
280
all minerals
8.3
0.0
1.2
280
no tremolite
7.5
0.2
-8.6
280
no epidote, no tremolite
6.9
0.1
-15.9
Table 2-12. The overall volume change at the final stage of the reaction path modelling. Positive number indicates the
volume increase and negative number reflects volume decrease compared to the dissolved XB phase.
Temperature
Secondary alteration
All minerals
Calcite
Volume change
(°C)
(cm3)
(cm3)
(%)
150
all minerals
19.2
1.0
26.0
220
all minerals
16.4
0.6
7.6
220
no epidote
17.0
0.9
12.0
250
all minerals
16.2
0.0
6.3
250
no tremolite
15.1
0.4
-0.7
250
no epidote, no tremolite
13.7
0.1
-10.0
280
all minerals
16.1
0.0
5.7
280
no tremolite
14.8
0.3
-3.0
280
no epidote, no tremolite
13.0
0.0
-14.3

2.4.4.3 The CO2 and H2S mineralization efficiency
The initial DIC that enters the formation with injection water was calculated to be 27.8 mmol when
the CO2-H2S charged condensate is pressurized at the surface at 7.5 bar pCO2. This concentration
decreased during the water-rock interaction as CO2 was consumed by calcite formation. The reaction
path simulations indicate that the highest efficiency of DIC storage was at lower temperatures (Figure
2-44). At 150 °C almost all the injected CO2 transformed into calcite (Table 2-13). As the temperature
increased the CO2 mineral storage decreased. Depending on the alteration phases that are allowed to
precipitate upon BG dissolution – the mineralization efficiency varied between 52 and 83 % at 220 °C,
between 0 and 20 % at 250 °C, and between 0 and 16 % at 280 °C (Table 2-13). A similar trend was
seen when XB dissolved with the highest efficiency at 150 °C and the lowest at 280 °C. In general, XB
dissolution resulted in an overall higher mineralization efficiency comparing to BG carbonatization
(Table 2-14). For comparison, the current CO2 storage potential at the CarbFix2 injection site is 60 %
(Clark et al., 2020; Gunnarsson et al., 2018) based on the difference between measured and predicted
fluid DIC concentrations in the monitoring wells.
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The variations in carbonatization efficiency at different temperature regimes stem from the choice of
secondary phases that were allowed to precipitate (Table 2-13, Table 2-14, Figure 2-44). For example,
at 220 °C in the absence of epidote during water-rock interaction the carbonatization efficiency is 83
% compared to the scenario in which epidote was included. At 250 °C and at 280 °C tremolite formation
limited the calcite formation. In scenarios where tremolite was not forming the carbonatization
efficiency was 32 % and 16 % for BG at 250 °C and 280 °C, respectively, whereas for XB it was 41 % and
31 % at 250 °C and 280 °C, respectively. The carbonatization efficiency did not increase at these
temperatures when both tremolite and epidote were not allowed to form.
Table 2-13. The CO2 mineralization efficiency represented by the % of the initial DIC mineralized after dissolution of 0.2 mol
of BG at pCO2 of 7.5 bar and the injection fluid pH of 5.0.
Temperature
Secondary alteration
Initial DIC
DIC mineralized
DIC mineralized
(°C)
(mol)
(mol)
(%)
150
all minerals
2.78E-02
2.71.E-02
98
220
all minerals
2.78E-02
1.44.E-02
52
220
no epidote
2.78E-02
2.31.E-02
83
250
all minerals
2.78E-02
0.00
0.0
250
no tremolite
2.78E-02
8.80.E-03
32
250
no epidote, no tremolite
2.78E-02
5.59.E-03
20
280
all minerals
2.78E-02
0.00
0.0
280
no tremolite
2.78E-02
4.51.E-03
16
280
no epidote, no tremolite
2.78E-02
2.31.E-03
8.3
Table 2-14. The CO2 mineralization efficiency represented by the % of the initial DIC mineralized after dissolution of 0.2 mol
of XB at pCO2 of 7.5 bar and the injection fluid pH of 5.0.
Temperature Secondary alteration
Initial DIC
DIC mineralized
DIC mineralized
(°C)
(mol)
(mol)
(%)
150
all minerals
2.78E-02
2.78.E-02
100
220
all minerals
2.78E-02
1.52.E-02
55
220
no epidote
2.78E-02
2.40.E-02
86
250
all minerals
2.78E-02
0.00
0.0
250
no tremolite
2.78E-02
1.13.E-02
41
250
no epidote, no tremolite
2.78E-02
3.90.E-03
14
280
all minerals
2.78E-02
0.00
0.0
280
no tremolite
2.78E-02
8.90.E-03
32
280
no epidote, no tremolite
2.78E-02
0.00
0.0
Table 2-15. The CO2 mineralization efficiency as a function of increasing pCO 2 calculated at temperatures of interest and
for different secondary alteration scenarios.
Scenarios
pCO2
7.5
9.5
13.5
16.5
pH
5.0
4.91
4.78
4.73
Initial DIC (mol)
2.78E-02
3.57E-02 5.07E-02 5.89E-02
Temperature
Secondary alteration
DIC mineralized
(°C)
(%)
150
all minerals
98
98
99
87
220
all minerals
52
49
38
33
220
no epidote
83
75
54
47
250
all minerals
0
0
0
0
250
no tremolite
32
27
23
28
250
no epidote, no tremolite
20
34
53
47
280
all minerals
0
0
0
0
280
no tremolite
16
17
15
13
280
no epidote, no tremolite
8.3
9
9
8

Additional modelling scenarios assessed the carbonatization efficiency when increasing the initial DIC
that stems from higher pCO2 at which the condensate was charged at (Table 2-15). With
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increasing DIC the pH decreased from pH 5 at 7.5 bar pCO2 to pH 4.73 at pCO2 16.5 bar (Table 2-15).
At 220 °C the mineralization efficiency decreased with the increasing pCO2 whereas at 250 °C it
increased only when both tremolite and epidote did not form.
In general, the H2S mineralization efficiency was greater comparing to the efficiency of the CO2
mineralization at all the temperatures but 150 °C and secondary alteration scenarios when BG
dissolved (Table 2-16). However, when XB dissolves at this temperature saponite (Mg-Fe and Fe-Fe)
and beidellite (Fe) consume the Fe limiting the H2S mineralization (Table 2-17). At higher temperatures
the other minerals that contains Fe are epidote, ilmenite, and chamosite. Precipitation of these
minerals will limit the H2S mineralization.
Table 2-16. The H2S mineralization efficiency represented by the % of the initial dissolved H 2S mineralized after dissolution
of 0.2 mol of BG at pH2S of 3.5 bar and the injection fluid pH of 5.0.
Temperature Secondary alteration
Initial H2S
H2S mineralized
H2S mineralized
(°C)
(mol)
(mol)
(%)
150
all minerals
1.39.E-02
4.84.E-03
70
220
all minerals
1.39.E-02
5.47.E-03
79
220
no epidote
1.39.E-02
4.32.E-03
62
250
all minerals
1.39.E-02
6.09.E-03
88
250
no tremolite
1.39.E-02
4.62.E-03
66
250
no epidote, no tremolite
1.39.E-02
6.05.E-03
87
280
all minerals
1.39.E-02
4.18.E-03
60
280
no tremolite
1.39.E-02
6.76.E-04
10
280
no epidote, no tremolite
1.39.E-02
3.53.E-03
51
Table 2-17. The H2S mineralization efficiency represented by the % of the initial dissolved H 2S mineralized after dissolution
of 0.2 mol of XB at pH2S of 3.5 bar and injection fluid pH of 5.0.
Temperature Secondary alteration
Initial H2S
H2S mineralized
H2S mineralized
(°C)
(mol)
(mol)
(%)
150
all minerals
1.39.E-02
8.1.E-05
0.6
220
all minerals
1.39.E-02
0.0
0
220
no epidote
1.39.E-02
5.9.E-03
42
250
all minerals
1.39.E-02
1.2.E-02
86
250
no tremolite
1.39.E-02
6.1.E-03
44
250
no epidote, no tremolite
1.39.E-02
1.2.E-02
87
280
all minerals
1.39.E-02
7.6.E-03
54
280
no tremolite
1.39.E-02
0.0
0
280
no epidote, no tremolite
1.39.E-02
8.6.E-03
62

2.4.4.4 The CO2 carbonatization during CO2-H2S-secondary minerals interaction
When epidote, diopside, tremolite, wollastonite, and chamosite were used as the primary dissolving
phases, the alteration products and their formation as a function of reaction progress (moles of
dissolved primary phase) were similar to what was predicted when BG and XB dissolved (Figure 2-45).
The pH increased as a function of reaction progress from the initial pH of 5 to 7.38, 7.41, and 7.27 at
220 °C, 250 °C, and 280 °C, respectively. The pH evolution and the secondary alteration differed
somewhat depending on the temperature. At 220 °C at the early stage of the reaction path (pH 6)
calcite, pyrite, quartz, prehnite, and clinochlore formed (Figure 2-45a). Further into the reaction
progress, chamosite and epidote were predicted to precipitate followed by wollastonite. At 250 °C at
the early stage of the reaction path pyrite, quartz, clinochlore, prehnite, and tremolite formed but
calcite precipitated further into the reaction progress (pH 6.6), together with chamosite and epidote
followed by wollastonite (b). At 280 °C calcite formed at pH 6.8 (c). There was a limited amount of
clinochlore formation and an absence of prehnite. Wollastonite was the last mineral to form.
The CO2 mineralization at the chosen temperatures with the assumption that all the secondary
minerals form was higher compared to the previous models where BG or XB dissolved (Table 2-18).
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The H2S mineralization efficiency was similar at the chosen temperatures (Table 2-19) compared to
previous models. The large amount of DIC mineralized stems from greater relative moles of Ca in the
secondary minerals that dissolved compared to the relative amount of Ca in BG and XB. Note, that the
minerals allowed to precipitate during the reaction progress were identical to the minerals used in
previous simulation.

Figure 2-45. The formation of the secondary mineral alteration as a function of dissolving epidote, diopside, tremolite,
wollastonite, and chamosite at 220 °C (a), 250 °C (b), and 280 °C (c). Note the different y-axis scales.
Table 2-18. The CO2 mineralization efficiency as a function of temperature. The secondary minerals were used as the
primary dissolving phases.
Temperature Secondary alteration
Initial DIC
DIC mineralized
DIC mineralized
(°C)
(mol)
(mol)
(%)
150
all minerals
2.78E-02
2.68.E-02
96
250
all minerals
2.78E-02
2.46.E-02
89
280
all minerals
2.78E-02
2.19.E-02
79
Table 2-19. The H2S mineralization efficiency as a function of temperature. The secondary minerals were used as the primary
dissolving phases.
Temperature
Secondary alteration
Initial H2S
H2S mineralized
H2S mineralized
(°C)
(mol)
(mol)
(%)
220
all minerals
1.39.E-02
6.90.E-03
50
250
all minerals
1.39.E-02
6.23.E-03
45
280
all minerals
1.39.E-02
5.58.E-03
40
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2.4.4.5 The mixing modelling
The reservoir modelling indicates that mixing of the injection fluid with the deep aquifer waters is most
likely a gradual process that starts as soon as the injected fluid enters the feeding aquifer. Field
observations, however, provide little insight into the temporal evolution of this mixing process (c.f.
Snæbjörnsdóttir et al., 2018). Therefore the reaction path modelling, including mixing of the injected
CO2-H2S charged water with the formation water represented here by the deep fluid in well NJ-24
(Table 2-10), assumed two scenarios 1) the injected CO2-H2S charged water was first mixed with the
formation water immediately upon entering the subsurface followed by basalt dissolution and
secondary precipitation at local equilibrium, and 2) the dissolution of basalt and precipitation of
secondary minerals was followed by its mixing with formation water. The evolution of the fluid
chemical composition during the in-situ CO2 mineralization at the CarbFix site showed the best fit with
the second scenario (Snæbjörnsdóttir et al., 2018). Here, the reaction path modelling was performed
assuming both scenarios. Due to the absence of the tracer data, the mixing ratio between CO2-H2S
charged fluid and reservoir fluid was assumed to be 50/50.
The results of scenario 1 showed similar trends with respect to pH and secondary alteration evolution
compared to the previous models where BG and XB were dissolved in the presence of the injection
fluid. The temperature of the 50/50 mixture of the CO2-H2S charged water and reservoir fluid was 182
°C. There was a slightly higher CO2 mineralization efficiency when mixing of the injection water with
the reservoir fluid before dissolution of BG and secondary mineral precipitation (Table 2-20).
The mixing of the reservoir fluid after initial dissolution of BG and secondary minerals precipitation
does not influence the mineralization efficiency. Only <0.05 % of the total moles of calcite that had
formed before mixing additionally precipitated when 250 °C and 280 °C water was mixed with the
reservoir fluid in the absence of tremolite in the secondary mineral assemblage.
Table 2-20. The CO2 mineralization efficiency as a function of temperature during the BG dissolution. The ‘mixing’ scenario
includes mixing of the injection fluid with the reservoir water before BG dissolution and secondary mineral precipitation.
Mixing
No mixing
Temperature
Secondary alteration
DIC mineralized
DIC mineralized
(°C)
(%)
(%)
182 after
mixing
all minerals
100
98
220
all minerals
44
52
220
no epidote
81
83
250
all minerals
0.0
0.0
250
no tremolite
36
32
250
no epidote, no tremolite
26
20
280
all minerals
0.0
0.0
280
no tremolite
24
16
280
no epidote, no tremolite
10.5
8.3

2.4.4.6 The reactive transport modelling
The results of the PHREEQC reactive transport modelling indicate that at the assumed time step the
replacement of the background injection fluid that had been injected into subsurface since 2018 will
be replaced with the CO2-H2S charged injection water after about a year at the 75 m distance from the
injection well (Figure 2-46a). Due to fast dissolution kinetics and a large reactive surface area the
assumed amount of BG dissolved within first 80 days. This resulted in an overall higher pH (Figure
2-46b and c) compared to the transport model (Figure 2-46a). The dissolution of BG increased the pH
of the fluid as well as the concentrations of dissolved basaltic constituents represented here by SiO 2
(Figure 2-46b).
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Figure 2-46. The results of the reactive transport modelling at 75 m distance from the injection well including fluid transport
(a), fluid transport and dissolution of BG (b), and fluid transport, BG dissolution and secondary minerals precipitation (c).

The precipitating minerals represented here by calcite, quartz, and chamosite decreased dissolved
constituents like SiO2 and DIC. In addition, precipitated calcite and the decrease in pH was observed
after 350 days from the onset of the CO2-H2S charged injection (Figure 2-46). The mobility of SiO2 was
limited by precipitating quartz and chamosite (Figure 2-47).

Figure 2-47. The secondary mineral alteration as a function of time at 75 m distance from the injection well. The primary yaxis refers to moles of dissolved BG and moles of quartz and chamosite precipitated in kg of water, whereas the secondary
y-axis refers to precipitated calcite.
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Figure 2-48. The pH and secondary mineral precipitation along the flow path after 3 months, 6 months, and 1 year after
the injection of the CO2-H2S charged water injection starts.

The evolution of the fluid pH along the flow path as a function of time (after 3, 6, and 12 months;
Figure 2-48) indicates that the main changes in chemical composition trends propagate away from the
injection well with time. In general, the largest amount of calcite is predicted to precipitate after 12
months along the 75 m flow path (Figure 2-48a). However, carbonatization efficiency did not increase
proportionally with time, therefore there is a small difference between the amount of calcite that
precipitated in the beginning and the end of model. Moreover, most the of calcite precipitated up to
20 m from the injection well where the pH is lower compared to the rest of the flow path. In addition,
at the initial stage of transport the highest increase in moles of precipitated calcite was observed after
6 months. A similar pattern was predicted for quartz in contrast to chamosite. Here the largest
amounts were predicted to precipitate further away from the injection well. The amount of secondary
minerals that precipitated along the 75 m long path (Figure 2-47) was equal to 3.59 cm3 compared to
the 8.2 cm3 of dissolved BG.
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2.4.5 Discussion and summary
2.4.5.1 Uncertainties during the reaction path modelling
The geochemical simulation using reaction path modelling often oversimplifies the processes and/or
reactions that happen in natural or engineered systems. However, it gives an idea of what can be
expected with respect to chemical composition of the reactive fluids that result from mineral or
amorphous phases dissolution and precipitation. It also identifies competing processes including
silicates and clay precipitation that adversely impact CO2 mineralization. The reaction path modelling
has been applied in the geochemical studies not only to CO2 mineralization in the laboratory and field
scale (e.g. Alfredsson et al., 2013; Clark et al., 2019; Galeczka et al., 2014b; Gysi and Stefánsson, 2011;
Marieni et al., 2019; Paukert et al., 2012; Přikryl et al., 2018) but also to natural processes like waterrock interaction in the presence of volcanic products (Flaathen et al., 2009; Galeczka et al., 2014a;
Kaasalainen and Stefánsson, 2012).
The mismatch between the models and nature underscores the challenges in predicting the fate and
consequences of CO2-H2S charged waters injected into the subsurface during carbon storage efforts.
Firstly, the discrepancies stem from poor selection of primary dissolving and secondary precipitating
minerals. The secondary phases attaining local equilibrium with the fluid control to a large extent the
mobility of dissolved constituents. The latter ones also affect the dissolution rates of primary phases,
e.g. the dissolution rate of BG depends strongly on the Al3+ concentration (Gislason and Oelkers, 2003)
that is further dictated by secondary Al-containing phases formation.
A second factor influencing the modelling results is the poor understanding of the thermodynamic
properties of minerals such as clays and zeolites (c.f. Oelkers et al., 2009) that are characterized by
diverse structures and compositions. In addition, a lack of experimental data on the thermodynamic
properties of the hydrated BG results in an overestimation of its dissolution rate. In addition,
passivating layers, which can slow mineral and glass dissolution rates, are not included in the
geochemical modelling calculations (Daval et al., 2011).
Furthermore, there is a lack of precipitation rate expressions for secondary minerals at conditions
relevant for the CO2-H2S charged water-basalt interaction. The supersaturation of the fluid with
respect to a given mineral does not result in its immediate precipitation due to sluggish kinetics (e.g.
Saldi et al., 2009; Schott et al., 2012) and an absence of reactive surface sites for nucleation at close
to equilibrium conditions (Schott et al., 2012). Finally, as mentioned by many authors (e.g. Anbeek et
al., 1994; Maher et al., 2009; Navarre-Sitchler et al., 2013; White and Brantley, 2003; Zhu et al., 2006),
the reactive surface area is crucial to predict the reaction progress and its estimation is challenging,
due in part to fluid channeling during the flow in the subsurface.
2.4.5.2 The modelling of the GECO injection site
The reaction path modelling that has been performed for the CarbFix2 injection (Marieni et al., 2019)
has been calibrated with the monitoring data, therefore it represents more reliable results than the
present modelling of the GECO injection site. At the time of writing this report, the detailed subsurface
mineralogical composition is unknown. However, the geological settings of Nesjavellir and the
proximity to the Hellisheði site justify the usage of similar mineralogical composition for the reaction
path simulations as used for the modelling of the CarbFix2 injection.
Based on the results of the modelling the CO2 mineralization efficiency depends strongly on the
temperature in the subsurface. Lower temperatures (<250 °C; Clark et al., 2020) enhances calcite
formation and limits other Ca-containing minerals like tremolite and epidote to form. On the other
hand, although reaction rates are accelerated at higher temperatures, the decrease in solubilities of
the silicate minerals in general will reduce the secondary minerals’ precipitation that could eventually
clog the pores and decrease the space for carbonate minerals. As confirmed by Clark et al. (2020) after
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3.5 years of the CarbFix2 injection, the permeability has been unaffected due to the precipitation of
secondary minerals. In addition, due to molar volume differences between primary and secondary
minerals, the formation of the latter might induce additional fracturing (Jamtveit et al., 2009).
The CO2 mineralization is also affected by the composition of the initial CO2-H2S charged water that
dictates the pH of the fluid entering the formation. According to reaction path modelling and reactive
transport modelling the calcite starts to form at a relatively low pH in accordance with the pH “sweet
spot” estimated to be 5.2 - 6.5 at 20 - 50 °C (Snæbjörnsdóttir et al., 2018). With the increasing pCO2
the CO2 mineralization efficiency increases only when certain minerals will precipitate. This
underscores the strong dependence of the CO2 mineralization on the chemical composition of the coforming minerals. For example, if tremolite and/or epidote form, it is likely that calcite formation will
be limited or even precluded. However, the carbonate minerals precipitate relatively fast compared
to the silicate minerals (Schott et al., 2009). Therefore, the formation of calcite, although not favored
thermodynamically, might be an important process during the water-basalt interaction. In addition,
the simulation showed that the CO2 mineralization increased when secondary minerals were chosen
as the primary dissolved phase. However, the kinetics of dissolution and the relative moles of the
minerals that constitute the dissolving phase determine the actual CO2 mineralization. Although the
results of the reaction path simulation indicate that the mineralization is unaffected by mixing of the
injection water with the reservoir fluid, the mixing effectively increases the pH, and therefore it will
influence the reaction rates (dissolution and precipitation) and the final mineralization efficiency.
The fluid flow controls the fluid residence time in the aquifers and its transport away from the
minerals-fluid interface. The details on the fluid flow in the Nesjavellir subsurface is unknown at this
moment, but better understanding of the transport within the injection aquifer will improve the
predictions of fate of the injected CO2 and H2S.

2.5 Reaction transport modelling
Building upon the reservoir and reactive path modelling described in sections 2.3 and 2.4, a reactive
transport modelling is carried out to better understand the geochemical impact of the injection of the
gas-charged fluid mixture on the altered host rock. TOUGH2 (Pruess, 1991; Pruess et al., 1999) was
utilized to first develop the 1-D flow model; this flow model was used in TOUGHREACT (Sonnenthal et
al., 2018; Xu et al., 2006) where simulations were then run to numerically model the mixing of the
effluent and gas-charged condensate fluids with the background reservoir fluid.

2.5.1 Model Parameters
The conceptual model (Figure 2-49) considers a 1-D flow from injection well NJ-18 out into the
reservoir consisting of 42 grid blocks with a thickness of 100 m and varying widths from 12 m to 38 m.
Hydrological parameters include porosity of 10 % and permeability of 10-13.85 m2. Sinks were in blocks
7 - 12 to get the flow to match the flow reported in Figure 2-41. Note that the grid blocks have larger
volumes farther away from the injection well.

Figure 2-49. Schematic diagram of the 1-D reservoir model outside the fissure. All grid blocks contain the background
reservoir chemistry, except for the first block on the left; this block represents injection well NJ-18 where the injection of the
effluent and gas-charged condensate fluids occur.
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Table 2-10 shows the chemical composition of the fluids used in the reactive transport model,
including the background reservoir fluid composition based on fluid samples of well NJ-24, like that
used for reactive path modelling. NJ-18 has been used as a reinjection well for effluent water at the
Nesjavellir geothermal field since 2018 and is the proposed injection site for CO2-H2S gas injection and
storage. As previously mentioned, the geochemical speciation program PHREEQC 3.4.0 (Parkhurst and
Appelo, 2013) together with the carbfix thermodynamic database (Voigt et al., 2018) was used to
calculate the geochemical composition of the CO2-H2S charged condensate in addition to the
subsequent gas mixture with the effluent water based on the proposed partial pressures of CO 2 (7.5
bar) and H2S (3.5 bar) in the condensate.
There is limited data on the mineral composition and their abundance at the proposed Nesjavellir
injection site. Using the bulk rock chemistry from a nearby well, NJ-16, at a depth of 1200 m (Kleine et
al., in prep) and the minerals observed from the original NJ-18 borehole report (Steingrímsson et al.,
1987), the reactive transport model with the deep fluid chemistry from NJ-24 was calibrated to an
initial mineral composition shown in Table 2-21. Note that there are noticeable omissions of minerals,
such as Ca, Al pyroxene, plagioclase (anorthite), and epidote, that proved difficult to include in this
initial composition, although they are expected to be present. The resulting initial mineral composition
proved to be the best composition to obtain a steady state between the deep fluid chemistry from NJ24 and the current reservoir model.
Table 2-21. Initial rock mineral composition.
Phase
Group

Primary
mineralogy
Secondary
mineralogy

Pyroxene
Fe-oxide

Volume
(% of
solid)
0.2
0.1

Oxide
Carbonate
Sulfide
Silicate

0.2
0.2
0.1
0.2

Mineral

Volume
(%)

Area
(cm2/g)

Diopside
Magnetite

0.2
0.1

2
100

Quartz
Calcite
Pyrrhotite
Ferroactinolite
Tremolite

0.2
0.2
0.1
0.1
0.1

2
100
2
2

In TOUGHREACT, the dissolution and precipitation of all minerals is kinetically controlled. The kinetic
rates are a product of the rate constant and reactive surface area, according to the following general
rate expression, which is derived from the transition state theory (Lasaga et al., 1994; Steefel and
Lasaga, 1994):
𝜼

𝑸 𝜽
𝒓 = 𝒌𝑨 [𝟏 − ( ) ] [𝑬𝒒. 𝟐 − 𝟑]
𝑲

Where 𝑟 is the rate of dissolution or precipitation, 𝑘 is the temperature dependent rate constant, 𝐴 is
the specific reactive surface area, 𝐾 is the equilibrium constant for the dissolution/precipitation
reaction taking place, and 𝑄 is the reaction quotient. 𝜃 and 𝜂 must be determined by experiment but
are often set to infinity. The kinetic rate expression of different minerals used in the simulation is
shown in Table 2-22; this was used in conjunction with the carbfix thermodynamic database from Voigt
et al. (2018). The kinetic rate law parameters listed were modified from Ratouis et al. (2020) by
updating several parameters from a kinetics database that is in progress within the framework of the
GECO project (Hermanska et al., 2020) as Ratouis et al. (2020) had developed an analogous 1-D
reactive transport model of the nearby CarbFix CO2-H2S injection into the Hellisheiði geothermal field.
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Table 2-22. Kinetic rate law parameters for mineral dissolution and precipitation. Modified from Ratouis et al. (2020).
Mineral
Initial rock mineral
composition

Parameters for kinetic rate law

Area
(cm2/g)

Neutral mechanism
k25
(mol/m2/s)
Ea (kJ/mol)

Acid mechanisms
k25
Ea
(mol/m2/s)
(kJ/mol)
Primary

7.78 × 10-12

40.6

1.17 × 10-10

48.0

0.25

1.906 × 10-16
8.97 × 10-13
2.59 x 10-13
2.199 × 10-18

80.0
69.8
111.8
38.0

9.550 × 10-13
1.32 × 10-10
3.31 x 10-5
8.71 × 10-11
Secondary

80.1
65.0
42.7
51.7

0.710
0.457
1.3
0.500

n(H+)

Ca,Al Pyroxene1,2
Diopside1
Hedenbergite1,2
Ferrosilite1,2
Enstatite3
Albite1
Anorthite1
K-Feldspar1

2
2
2
2
2
2
2
2

Calcite4
Hematite1
Magnetite1
Chamosite5
Clinochlore5
Ferroactinolite1
Tremolite1
Quartz1
Epidote6

100
2
2
2
2
2
2
2

2.519 × 10-15
1.660 × 10-11

66.2
18.6

2.570 × 10-09
2.570 × 10-09

66.2
18.6

1.000
0.279

3.020 × 10-13

88.0

7.762 × 10-13

88.0

0.500

1.522× 10-25

80.0

0.3

500
500
500
500
500

2.23 × 10-09
4.571 × 10-10
2.23 × 10-09
2.203 × 10-08
1.29 × 10-07

4.34 ×
87.0
43.2
3.506 × 10-10
60.0
Potential alteration minerals
45.0
3.04 × 10-06
61.0
34.0
2.502 × 10-05
44.0
45.0
3.04 × 10-06
61.0
52.2
2.60 × 10-03
36.1
63.8
3.31 × 10-05
49.4

1000

2.000 × 10-10

50.8

Ankerite7
Magnesite1
Siderite1
Dolomite1
Dawsonite1
Anhydrite4
Pyrite3

10-12

1.385× 10-12

3.020 × 10-08

0.309
0.56

Base mechanism
k25
Ea
(mol/m2/s)
(kJ/mol)

n(H+)

1.08 × 10-17
1.13 x 10-15
6.30 × 10-22

71.0
123
94.1

-0.572
-0.41
-0.8

7.260× 10-31

94.4

-0.14

10-10

6.06 ×
5.433 × 10--17

108.4
42.3

0.411
-0.40

2.818 × 10-05

56.9

0.500i

58.9

-0.400

78.0

-0.130

58.0

-0.300

93.3

-0.200

17.9

0.472

0.75
1.000
0.75
0.75
0.982

50.8
-0.500
n(FE+3) = 0.500
50.8
0.597

Pyrrhotite3
1000
2.000 × 10-10
50.8
3.020 × 10-08
Saponite-Fe-Fe8
10,000
Saponite-Fe-K8
10,000
1.659 × 10-13
35.0
1.047 × 10-13
23.6
0.340
3.020 × 10-17
Saponite-Mg-Mg8
10,000
Saponite-Mg-K8
10,000
Saponite-Mg-Fe8
10,000
Montmorillonite-Ca9
10,000
Montmorillonite-K9
10,000
3.890 × 10-15
48.0
1.950 × 10-13
48.0
0.220
3.898 × 10-12
Montmorillonite-Mg9
10,000
Montmorillonite-Na9
10,000
Analcime10
1000
Laumontite10
1000
Mordenite-Ca10
1000
1.590 × 10-12
58.0
2.000 × 10-08
58.0
0.700
5.50 × 10-15
Stilbite-Ca10
1000
10
Thomsonite
1000
Wairakite10
1000
SiO2 (am)11
1000
7.320 × 10-13
60.9
3
Prehnite
1000
6.920 × 10-14
93.4
2.190 × 10-11
80.5
0.256
1.380 × 10-15
Wollastonite3
1000
1.585 × 10-09
54.7
7.244 × 10-08
50.8
1.000
Kaolinite3
1000
6.607 × 10-14
22.2
4.898 × 10-12
22.2
0.777
8.912 × 10-18
1 From Hermanska et al. (2020).
2 Ca,Al Pyroxene, Hedenbergite, and Ferrosilite are assumed to have the same rate law as Diopside.
3 From Palandri and Kharaka (2004).
4
Under equilibrium constraint.
5 Chlorites assumed to have the same rate law as Clinochlore-14Å from Palandri and Kharaka (2004).
6 From Marieni et al. (2020).
7
Kinetic parameters for Ankerite are set to those of Siderite.
8 Based on smectite (K
0.04Ca0.5(Al2.8Fe0.53Mg0.7)(Si7.65Al0.35)O20(OH)4) from Palandri and Kharaka (2004).
9 Based on Montmorillonite, (K
0.318(Si3.975Al0.025)(Al1.509Fe0.205Mg0.283)(OH)2) from Palandri and Kharaka (2004).
10 All zeolites assumed to have the same rate law as heulandite.
11 From Rimstidt and Barnes (1980). Precipitation occurs under the free energy rate law of Carroll et al. (1998).

The surface area of primary minerals are assumed to be 2 - 100 cm3/g like that of Ratouis et al. (2020)
and agrees with the work of Sonnenthal et al. (2015). Surface areas of precipitating minerals are
89

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

generally significantly higher than those of the primary phases, therefore the surface areas of
secondary clay minerals, zeolites and other secondary minerals, and carbonates was assumed to be
10,000, 1000, and 500 cm2/g, respectively. A small volume fraction of 1 x 10-6 for all secondary minerals
was used as the seed surface area for the new phase to grow and thereby calculate resulting changes
in volume fractions. The precipitation of secondary minerals was represented using the same kinetic
expression as that for dissolution. Because precipitation rate data for most minerals are unavailable,
parameters for neutral pH rates were used instead to describe precipitation, except for SiO 2(am) which
precipitates under the free energy rate law of Carroll et al. (1998).
The TOUGHREACT simulator solves equations describing the chemical reactions in addition to the
fluid and heat flow equations for every grid block in the model. The simulations were divided into
three stages. Note that the chemical output from each stage of the simulation was then set as the
chemical input for the next stage:
1. Natural state – Simulations between the reservoir background fluid (deep fluid composition
from well NJ-24) and an initial mineral composition of the reservoir (Table 2-21) were run until
a steady state was reached with the minerals.
2. Injection of effluent water – Simulations were run for three years with the addition of the
effluent water injected into the first grid block of the conceptual model.
3. Injection of gas-charged mixture – Simulations were run for seven years, now with the addition
of the gas-charged condensate mixed with the effluent water. The chemistry of this mixture
was calculated with PHREEQC using the proposed amounts of CO2 and H2S and flow rates along
with the effluent water composition.

2.5.2 Simulation results and discussion
Results from the first stage, the natural state, are not presented here but the reservoir reached a
steady state of pH 7.5 and temperature of 211 °C. This forms the basis for the second stage, when the
injection of the effluent water begins, which has a pH of 7.9 and temperature of 90 °C. The modelled
temperature and pH change in the reservoir are shown in Figure 2-50. The effect of this first injection
is kept to within 100 m of the injection site, with a maximum pH of 8.65 due in part to the slow water
flow in the reservoir.

(a)

(b)

Figure 2-50. The evolution of (a) pH and (b) temperature of the reservoir fluid after 1 and 3 years of injecting effluent water
into well NJ-18. Gray lines depict the initial pH and temperature of the effluent water.

After three years of effluent water injection, the third stage begins with a 7-year injection of the gascharged mixture, which has a pH of 5.0 and temperature of 84 °C. The resulting changes in pH and
temperature are shown in Figure 2-51, this time with a wider effect on pH and temperature up to 400
m from the injection site. After seven years of injection, the pH reaches a maximum of 6.9 about 100
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m from the injection site before decreasing slightly and then going back to background levels of 7.5.
There is no significant cooling of the reservoir beyond 200 m.

(a)

(b)

Figure 2-51. The evolution of (a) pH and (b) temperature of the reservoir fluid after 2 and 7 years of injecting a gas-charged
mixture (after three years of effluent water injection) into well NJ-18. Gray lines depict the pH and temperature of the initial
gas-charged mixture.

(a)

(b)

(c)

(d)

Figure 2-52. Concentrations (mmol/kg) of (a) DIC, (b) Ca, (c) DS (c), and (d) Fe in the reservoir fluid after 2 and 7 years of
injecting a gas-charged mixture into well NJ-18. Gray lines depict the DIC and DS of the initial gas-charged mixture.

Figure 2-52 displays the concentration of dissolved inorganic carbon (DIC), dissolved sulfur (DS), Ca,
and Fe over the 7-year injection of the gas-charged mixture (the third stage). While changes in the
temperatures from the background reservoir are more limited within the first 200 m, the pH and
concentrations of DIC and DS suggest that the effluent injection has a lasting effect on the fluid
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geochemistry of the reservoir and is in front of the gas-charged injection “plume”. Once the dissolved
CO2 and H2S enters the reservoir at 27.8 mmol/kg and 14.1 mmol/kg, respectively, there is a decrease
in concentration in both DIC and DS. Though DIC concentrations rapidly decrease within the first 100
m of the injection well to reservoir background levels, DS concentrations gradually decrease to
background levels farther away from the injection site over time.
While Ca levels are slightly higher in the immediate vicinity of injection (after three years of effluent
water injection), the gas-charged injection significantly increases these initial concentrations before
gradually decreasing over time up to 400 m from the injection site. Fe concentrations are also elevated
albeit minutely, but rapidly decrease within the first 100 m of the injection well to even less than
background levels in the reservoir.
The change in volume fraction of calcite and pyrite over the 7-year injection of the gas-charged mixture
is shown in Figure 2-53, while Figure 2-54 depicts the change in both carbonates and sulfides after the
7-year injection. Initially, calcite is dissolving in significant quantities immediately at the injection site,
but does precipitate within the first 100 - 150 m. The model also shows a larger quantity of dolomite
forming within the first 100 m (which reflects the increase in available Mg not shown here). Of note is
that pyrite is not forming beyond the first 10 m from injection while pyrrhotite is dissolving in the same
area, indicating the former is replacing the latter.
Overall, it appears that there is a lack of available Ca and Fe in the reservoir, which would limit the
precipitation of both carbonates and sulfides, and the available Ca is likely a result of the calcite
dissolution at the injection site. The calcite dissolution would also account for the extra DIC
concentration above the injected levels close to the injection well. Moreover, the elevated DS
concentrations match to that of the injected concentration, and when observing the absence of any
sulfide precipitate farther from the injection site over time, suggest a lack of DS mineralization. Thus,
the question remains where the DS can mineralize if not in the Fe-bearing sulfides.

(a)

(b)

Figure 2-53. Change in volume fraction of (a) calcite and (b) pyrite in the reservoir after 2 and 7 years of injecting a gascharged mixture.
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(a)

(b)

Figure 2-54. Change in volume fraction of (a) carbonates and (b) sulfides in the reservoir after 7 years of injecting a gascharged mixture. Please refer to Figure 2-46a for the full change in calcite’s volume fraction.

(a)

(b)

(c)

(d)

Figure 2-55. Change in volume fraction of (a) zeolites, (b) silicates, (c) endmembers of chlorite and actinolite, and (d) clays
in the reservoir after 7 years of injecting a gas-charged mixture.

Secondary minerals can compete with carbonates and sulfides for available divalent cations (Ca, Mg,
Fe) in the reservoir, which is apparent from the change in volume fraction of the relevant secondary
minerals as seen in Figure 2-55 after seven years of injection. While not all secondary minerals are
precipitating in this model, there are a few that stand out – mordenite (Ca-zeolite), tremolite (Mgactinolite), and quartz. Both mordenite and a significant amount of quartz form immediately at the
injection site, with more quartz precipitating 50 - 100 m away. Tremolite is also forming about 100 m
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from the injection well; this would compete with dolomite for available Mg, thereby enabling the
precipitation of calcite.
Figure 2-56 displays the change in volume fraction of porosity over time within the reservoir. Not
surprisingly, there is a decrease in porosity in the first 100 m away from the well, which would
correspond with the formation of minerals like calcite, dolomite, tremolite, and quartz. Significantly,
there is a rapid increase in porosity immediately next to the injection site, indicating the direct
dissolution of minerals (such as calcite) upon injection of the pH 5 gas-charged mixture in the near
vicinity.

Figure 2-56. Change in volume fraction of the porosity in the reservoir after 2 and 7 years of injecting a gas-charged mixture.

(a)

(b)

(c)

(d)

Figure 2-57. Comparison of (a) pH, (b) DIC concentrations, (c) Ca concentrations, and (d) change in calcite volume fraction
between the original model simulation at a reservoir temperature of 211 °C, and simulations run at reservoir temperatures
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of 250 °C and 280 °C. Gray lines represent the pH and DIC concentration in the gas-charged fluid injection at 5.0 and 27.8
mmol/kg, respectively. Note the first points in (d) calcite volume fraction are not plotted to better observe the changes in
calcite between simulations.

2.5.3 CO2 efficiency/mineralization
The temperature of the reservoir in the effluent and gas-charged fluid injection stages was varied to
150 °C, 250 °C, and 280 °C (like that of the reactive transport model in section 2.4) to evaluate
carbonization efficiency with regards to changing temperatures. The current setup of the reactive
transport model failed to converge in the 150 °C temperature simulation, but successfully ran for the
higher temperatures. A comparison of the pH, DIC concentrations, Ca concentrations, and the change
in volume fraction of calcite between the original model at 211 °C and the 250 °C and 280 °C
simulations is shown in Figure 2-57.

(a)

(b)

(c)

(d)

Figure 2-58. Comparison of (a) pH, (b) DIC concentrations, (c) Ca concentrations, and (d) change in calcite volume fraction
between the original model simulation at pCO2 of 7.5 bar, and simulations run at pCO2 levels of 9.5 bar and 13.5 bar. Gray
lines represent the pH and DIC concentration in the gas-charged fluid injection at 5.0 and 27.8 mmol/kg, respectively. Note
the first points in (d) calcite volume fraction are not plotted to better observe the changes in calcite between simulations.

There is a decrease in the overall pH in the system, even with a lowering in the background reservoir
pH closer to 7.0 and rise in background DIC concentrations at 280 °C, although this could reflect that
the reservoir is not in steady state at these higher temperatures. There is also a higher initial DIC
concentration in both the 250 °C and 280 °C simulations. However, the higher temperatures in the
reservoir indicate minimal changes in the overall efficiency in CO2 mineralization with a small increase
in calcite volume fractions.
The pCO2 in the gas-charged fluid was also varied like that in section 2.4, where the pCO2 in the
condensate was at 7.5 bar before mixing with the effluent water and injected into the reservoir.
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Simulations were thus run at 9.5, 13.5, and 16.5 bar pCO2, although the latter failed to converge and
is not plotted. For the reaction path model, the changes in DIC mineralized as a function of pCO 2 at
220 °C (Table 2-15) do indicate a decreasing efficiency. However, minimal to no changes to the fluid
chemistry and calcite volume fractions were observed in the reaction transport model, as shown in
Figure 2-58.
Lastly, Figure 2-57 also represents the effect of the difference in temperatures inside and outside the
fissure areas of the reservoir; the reservoir inside the fissure could be up to 300 °C. Based on results
of the single and dual porosity reservoirs in section 2.3, most of the gas injection would be outside the
fissure and stay localized around NJ-18. Although if the gas-charged fluid does reach the fissure, the
flow rates would be faster than outside the fissure. According to the reaction transport model, the
higher temperatures of the fissure zone would not significantly affect the carbon mineralization and
faster flow rates would ensure that calcite (and other minerals) would precipitate farther from the
injection site.

2.5.4 Conclusions
Notably, these simulations highlight how slow the water flow within the reservoir is, as the background
reservoir fluid and minerals are not significantly affected more than 200 – 400 m away from the
injection site after three years of effluent water injection and seven years of gas-charged fluid
injection. However, it is unknown how fast the actual flow rates are both inside and outside the fissure
due to limited tracer flow data.
While the current model setup suggests mineralization of CO2 via calcite (and possibly dolomite)
precipitation, in addition to the proposed CO2-H2S injection, there is a question of whether the injected
H2S can mineralize due to the elevated DS concentrations in the reservoir and lack of sulfide
precipitation away from the injection site. This would need to be further evaluated considering the
large uncertainties in the deep fluid chemistry and mineralogical compositions in this part of the
Nesjavellir reservoir.
On the other hand, model simulations infer minimal clogging in the near vicinity of the injection well,
as depicted by the model’s rapid increase in porosity. Naturally, there will be decreases in porosity
due to subsequent mineral precipitation after the start of injection, but these changes occur farther
from the injection well.
It is necessary to emphasize the high probability that there are discrepancies in fluid concentrations
and volume changes in minerals and porosity due to the lack of geochemical and hydrological data
from well NJ-18 and the surrounding reservoir itself. This was apparent during the calibration of the
initial mineralogy with the background reservoir fluid, suggesting that the fluid chemistry used does
not fit this part of the Nesjavellir reservoir. Moreover, the precipitation of secondary minerals was
represented using the same kinetic expression as that for dissolution as precipitation rate data for
most minerals are unavailable, and currently the reactive surface areas of the minerals are the same
as that of Ratouis et al. (2020). It has been previously noted with respect to the reactive path modelling
that reactive surface areas are crucial to predict the reaction progress, but its estimation is challenging,
In general, the modelling results indicate that injecting CO2 into the Nesjavellir reservoir is a viable
alternative to releasing it to the atmosphere. However, further evaluation and improvements to the
ToughReact reaction transport model will be necessary, particularly additional hydrological and
geochemical data from the proposed injection area of the Nesjavellir reservoir in order to better
determine how much and where mineralization would occur.

96

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

2.6 The conceptual model for the injection of the gas mixture
This conceptual model describes the current understanding of how the geology affects the flow in a
part of the geothermal reservoir surrounding well NJ-18 and how injected CO2 charged fluids flow and
chemically interact with the altered reservoir rocks. The key components shown in Figure 2-59 and
includes the injection well NJ-18, production well NJ-16, NJ-24 and NJ-26, the permeability layers in
the wells derived from the lithology and alteration, the key structures in this part of the reservoir,
direction of the flow of the injected gas charged fluid, the distribution of the CO 2 and H2S charged
water and the subsequent mineralization.
The volcanic fissure and the extensional faults have been identified as major control on the flow in this
part of the reservoir. The major upflow zones have previously been identified in the center of the
production area on the eastern side of the volcanic fissure, about 1 km away from well NJ-18, which
is located west of the volcanic fissure. The reservoir temperatures are substantially lower on the
western side of the volcanic fissure. The stratigraphy at reservoir levels is dominated by hyaloclastites,
basaltic lava formation and intrusions. The porosity and permeability in the reservoir are controlled
by the different rock formations as well as the degree of alteration. A grid based on a geological model
describing the different permeability layers is integrated into the flow modeling.
Well NJ-18 is located on the outskirts of the known reservoir and there exists a rather steep formation
temperature gradient towards the center of the production area, where much higher temperatures
are found. The pressure gradient from NJ-18 towards the production area suggests a natural flow to
the south-west. According to the reservoir model the volcanic fissure acts as the most prominent
permeable structure that allow fluid flow in the area. From the clay cap down to -1200 m a.s.l. the
flow in the fissure is, in general, from the southwest to the northeast, and then changes to a northeastsouthwest flow below that depth. Below -1200 m a.s.l. the flow increases with depth. Tracer recoveries
from wells NJ-24 and NJ-25 are an evidence of a slow flow in the reservoir from NJ-18 towards the SW.
The flow modeling shows a slow migration of the injected fluids into the formations surrounding the
well and a faster path within the volcanic fissure. As a result, the injection both of effluent water and
later of gas-charged fluids does not affect the temperature or pH beyond 200 - 400 m away from the
well.
Assuming flow rates of 2 L/s and 23 L/s for the CO2-H2S condensate and the background brine,
respectively, about 1000 tones/year of CO2 and 400 tons/year of H2S at partial pressures of 7.5 and 3.5
bar, are planned to be injected into well NJ-18. With the concentrations of the initial DIC (dissolved
inorganic carbon) at 27.8 mmol and H2S at 14.1 mmol with the gas-charged condensate at a
temperature of 84 °C, the subsequent mixture of the effluent fluid and the CO2-H2S charged
condensate will have a pH of 5.
Two different modelling approaches were utilized to evaluate the potential geochemical changes in
the reservoir and calculate the efficiency of gas mineralization – reaction path modelling using
PHREEQC and reaction transport modelling using TOUGHREACT. While there are differences in the
results of the two approaches, both give valuable observations despite the underlying uncertainties.
Preliminary results from the reaction transport model point to minimal clogging near the injection well
and highlight the slow flow rates within the reservoir. On the other hand, the mineralization rates
calculated based on the results of the reaction path model show varying efficiency from 52 to 83 % at
220 °C. These rates are dependent on the mineral alteration phases that are allowed to precipitate
upon the dissolution of basaltic glass. The mineralization rates also significantly decrease with higher
reservoir temperatures.

97

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

Figure 2-59. Conceptual model for the injection of CO2 into well NJ-18 that shows the volcanic fissure
which is major structural barrier for flow. Tracer was recovered from wells NJ-24 and NJ-25. Well NJ16 is the closest well to NJ-18, but on the opposite site of the barrier. Blue arrows indicate the flow of
CO2 and H2S charged injection water and red arrows indicate the flow of reservoir fluids towards and
into the producing wells.
This conceptual model describes in a simple manner the understanding of the processes that take place
when injection starts. There are still many unknowns as well as some limitations to full understanding
of those processes. The limitations and suggestions on further work have already been described in the
results sub-chapters in each of the modelling chapters. The work on this front will not halt with the
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finalization of this report. The models described in the report will be validated as new data and
understanding will develop.
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3. TURKEY DEMO SITE
3.1 Geological modelling
The Kizildere geothermal field is located in the Denizli and Aydin provinces of western Turkey at the
eastern extreme of the Büyük Menderes graben. The western Denizli region consists of different
graben structures with various orientations. The Denizli basin was formed as a half-graben during the
Early Miocene age and later transformed into full graben form in the Late Miocene and Early
Quaternary age (Alçiçek et al., 2007). The Kızıldere geothermal field located in the Denizli basin, is
associated with E-W trending faults along the northern boundary of the Büyük Menderes graben. In
the same area, NW–SE trending active faults have caused the uplift and dissection of the northern and
southern flanks of the metamorphic basement (Şimşek, 2003). The combination of the graben
bounding faults and these cross faults have created extensive fracturing. The graben is filled with
Tertiary sediments, which are overlain by alluvium. Seismic activity suggests that the field is still
tectonically active and extends in the N-S direction. Although major faults cut formations from the
Tertiary to the Paleozoic, variations in the brittle fracturing of different lithologic layers provide an
intersecting permeability structure to the reservoirs (Faulds, 2009).
In the following sub-chapters, detailed geological structure and formations of the Kızıldere geothermal
field are characterized. The geological model of the geothermal field and the pilot area where the
fluid-CO2 mixture will be injected are illustrated.

3.1.1 Methodology
3.1.1.1 Data
Detailed geological model of the Kızıldere geothermal field has been constructed based on information
gathered from field observations, geological and geophysical surveys and data obtained from drilled
wells. In this section, details of the data which were used to construct full-field geological model and
a detailed segmented zone structure for the sector model are depicted.
3.1.1.1.1 Well Information
Additional information about the field is obtained from the drilling operations of the wells. Notably,
the second and the third geothermal power plants drilling activities provided detailed information
about the geological structure and lithology. Well data such as locations of wellheads, well trajectories
and the depth of stratigraphic tops, are vital parameters and checkpoints to construct subsurface
geology. This information was then loaded into the Petrel software (a trademark Schlumberger). Well
locations, their trajectories and stratigraphic logs are given in Figure 3-1 and Figure 3-2.
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Figure 3-1. Location of wellheads and well trajectories.

Figure 3-2. Stratigraphic tops observed in wells and their distribution on well trajectories.

3.1.1.1.2 Stratigraphy of Kızıldere
Deep Kızıldere geothermal reservoirs are hosted in Paleozoic aged metamorphic rocks and covered
with Tertiary deposits (Şimşek, et al., 2009). The Paleozoic metamorphic rocks are downthrown along
a series of semi-parallel east-west trending normal faults with vertical throws of a few hundred meters
at the edge of the graben to possibly thousands of meters in the center of the graben (Bozkurt, 2003).
These metamorphic rocks form the basement rocks of the deeper reservoirs located below
approximately 1400 m and called the Menderes massive metamorphics. The marble levels of the
metamorphic rocks are called İğdecik formation, which represents the intermediate reservoir with an
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upper boundary of 500 to 1400 m formed also in the Paleozoic era (Şimşek, 2003). The Tertiary starts
with Kızılburun formation, which consists of conglomerate, claystone, sandstone, and continues with
a shallow reservoir in the upper 500 m. Sazak formation consists of limestone, siltstone and marl
formed in the Pliocene period. Cenozoic aged Kolonkaya and Tosunlar formations represent upper
zones of the Tertiary. All stratigraphical units are covered by Quaternary aged alluvium and travertine
in the field. The stratigraphy of the Kızıldere geothermal field can be seen in Figure 3-3. The outcrops
of stratigraphic units are digitized to form boundary of these units on topography. For this purpose, a
geological map of the field was rectified, and the boundaries of these units were converted to vector
format according to the geological map (Figure 3-4).

Figure 3-3. Stratigraphy of the Kızıldere geothermal field (Aksu, 2019).
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Figure 3-4. Geological map of Kızıldere geothermal field (Şimşek et al, 2009).
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Seismic interpretations were used to evaluate the subsurface extend of the stratigraphic units.
Surfaces of stratigraphic units were constructed by interpolating points gathered from seismic cross
sections. These surfaces were constrained with stratigraphic tops as observed in wells (Figure 3-5).

Figure 3-5. Surfaces of stratigraphic units constructed from seismic interpretations.

3.1.1.1.3 Tectonic Setting of Kızıldere
In the Kızıldere area, N-S Trending faults are subvertical strike-slip and oblique faults. These faults can
be observed in the field as N-S directional incised valleys. Hot springs, fumaroles and hydrothermally
altered rocks are common in N-S trending faults. These incised valleys have their drainage that supplies
the system with cold, meteoric water, which is transverse to the Büyük Menderes river. Kavak stream,
Acıkuyu stream, Cankurtaran stream, Gebeler stream, Cinlisu stream and Sütleğenli stream are
examples of several streams that supply meteoric water (Aksu, 2019). N-S trending faults play a
significant role in feeding the geothermal reservoirs with meteoric water.
Stress orientations of the faults in the Kızıldere area are shown in Figure 3-6. Gebeler fault is a NE-SW
strike-slip fault and considered as one of the most productive zones for carrying the geothermal fluid.
Gebeler fault is 3.3 km long and has a high angle (60° - 86°) that dips towards the west (Aksu 2019). It
starts near Kızıldere geothermal power plant with a NE trend and continues along Gebeler stream with
NNW trend along the northern margin of the Büyük Menderes graben. It cuts and deforms Menderes
Massif, Middle Miocene - Late Miocene Sazak formation, and Late Miocene - Late Pliocene Kolankaya
Formation. On the other hand, this fault is cut and displaced by most of the E-W trending faults,
resulting in a change in its trend. One of the significant displacements occurs along the intersection of
Gökdere Fault, which is one of the major E-W trending faults, where the Gebeler Fault was displaced
vertically and laterally. Steep fault scarps, lineated hot springs and fumaroles, sudden changes in slope,
deeply incised valleys and slickenlines on fault planes are used to recognize this fault. Fault slickenlines
with two overprinted sets are observed along the Gebeler Fault (Figure 3-7). The older set of
slickenlines (R1), which show dextral strike-slip faulting, is crossed by normal faulting (R2).
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Figure 3-6. Stress orientations of the faults in the Kızıldere area (Aksu, 2019).

Paleostress reconstruction showed that R1 set is a dextral strike-slip fault, while R2 is a normal fault
with NEE-NWW extension. This fault has been initially formed as a dextral strike-slip fault, but later it
is reactivated to be a normal fault (Aksu, 2019).
E-W trending faults are high angle normal and oblique faults developed under N-S extensional
neotectonics. Neotectonic faults consist of a set of parallel active faults, including the northern and
southern margin boundary faults of Büyük Menderes graben. Younger forms of these faults are
observed closer to the margin of the Büyük Menderes graben where they cut and displace most of the
N-S trending faults. The output of seismic interpretations is used to evaluate the subsurface extend of
the stratigraphic units and faults. Seismic interpretations, along with tectonic settings of the field, are
used to determine the subsurface geometry of the faults (Figure 3-8).
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Figure 3-7. Two sets of slickenlines measured from Gebeler fault and paleostress reconstruction using Angelier’s direct
inversion method on Schmidt’s lower hemisphere (white arrow: σ3; gray arrow: σ2; black arrow: σ1; black dot: σ1 vertical;
gray dot: σ2 vertical (Aksu, 2019).

Figure 3-8. Fault sticks digitized from seismic sections.
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3.1.1.2 Construction of geological model of Kızıldere
To characterize the structural network of faults that drive the geothermal fluid flow and to understand
the caprock-reservoir rock relation, a 3-D structural and geological model of the Kızıldere geothermal
field is constructed. The geological model has two parts:
i)
A full-field geological model,
ii)
A geological model for the numerical sector model.
These models include both field observations, well measurements, geological, and geophysical data.
More than 60 wells are used to design stratigraphic horizons and geometry of faults. In particular,
mud-loss data of drilling wells provide vital information in correlation and validation of other data
interpretations.
A 3-D modeling and visualizing software, Petrel is used to create 3-D structural and geological models
of the Kızıldere geothermal field. Petrel E&P software platform provides a full range of tools to solve
the most complex structural and stratigraphic challenges - from regional exploration to reservoir
development. The focus of these models is to depict critical stratigraphic horizons and major faults in
the Kızıldere field.
Before constructing the geological model, all the data is collected and imported to the software. Digital
elevation model (DEM) is downloaded from USGS and one arc second SRTM (Shuttle Radar
Topography Mission) data is used to construct 3-D topography. Geological map of the field is rectified,
and the boundary of the stratigraphic units on the geological map is digitized to convert the raster
image to vector format (Figure 3-9). 3-D border and surfaces of stratigraphic units on topography are
produced by clipping DEM with these vectors (Figure 3-10).

Figure 3-9. Draped geological map of Kızıldere geothermal filed on DEM.
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Figure 3-10. 3-D surface construction of stratigraphic units on topography.

Stratigraphic horizons are created by using seismic data and adjusted with well tops of the formations.
These horizons are then combined with surface boundaries of stratigraphic units (Figure 3-11). Hence,
the horizons are adjusted to be used in the structural model. The surface of faults is generated using
the trace of faults in the geological map, mud loss data, and seismic interpretations. The dips of the
faults are assigned according to field data. Mud loss data of the wells are used to fine-tune the
underground geometry of the faults. Fault surfaces are converted from fault sticks and key pillars are
created (Figure 3-12). Key pillars are then modified by cutting and extending them according to
topography and model base surfaces.

Figure 3-11. The final stage of stratigraphic horizons before importing into the structural model.
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(a)

(b)

Figure 3-12. a) Stratigraphic horizons and fault polygons in the geological model. b) Key pillars created from fault surfaces.

In order to finalize the geological model, a structural model is constructed. The structural model is
considered as the skeleton or the container of the geological model. It starts with a sound structural
framework that represents the relation between the faults dissecting the geological object and
horizons representing the essential layers.
Structural modeling is subdivided into three processes as follows;
•

Fault modelling: It is the process of generating faults so that a faulted 3-D grid can be created.
Subsequently, horizons, zones, and layers can be inserted into it.

•

Horizon modelling: As the stratigraphic horizons are inserted, confining to the input data, the
surfaces are iteratively trimmed and re-projected close to fault locations. The positions of the
projected horizons are then indicated on the fault displacements across individual faults.

•

Structural gridding: Structural gridding allows constructing corner point grids from the Petrel
structural framework without using the pillar gridding workflows.

3.1.2 Results
3.1.2.1 3-D Geological Model
The constructed geological model of the Kızıldere geothermal field is shown in Figure 3-13 and Figure
3-14. Kolankaya formation shows full lateral extension along the basin and covers all of the earlier
deposits. This formation forms the caprock restraining shallow (Sazak) and deep (Menderes
metamorphic reservoir). The Kolonkaya formation becomes thicker and deeper towards the east and
southeast. There is a sharp N-S trending boundary where the lateral extent of Kızılburun and Sazak
formations are limited. The thickness of these formations increases towards the west until they meet
the Pelitliada fault. Both Kızılburun and Sazak formations onlap to this fault.
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Figure 3-13. 3-D Geological model of Kızıldere geothermal field.

(a)

(b)

Figure 3-14. North-South (a) and East-West (b) directional cross-sections from 3-D Geological model.

The outcrops of Kızılburun formation is visible on both northern and southern margins of the Büyük
Menderes graben. The depth of this formation increases towards the east and southeast. Although it
is bounded by Pelitliada Fault in the west, this formation covers most of the basement in the eastern
part. It behaves as a caprock for the reservoirs in metamorphic rocks located to the east of Pelitliada
fault. Similar to the Kızılburun formation, the depth of Sazak formation increases towards east and
southeast. Sazak formation consists of limestones with karstic nature and forms the shallow reservoir
unit located in the eastern part of this geothermal system. Field observations and well-data show that
metamorphic rocks have two contacts, which are Kızılburun formation and gneiss towards the west.
The depth of the metamorphic basement is larger at the center of graben. These metamorphic rocks
outcrop towards the north near Gökdere fault.
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3.1.2.2 Geological Structure of Sector Model
In the framework of the reactive transport modelling of fluid-CO2 injection, the geological model of a
narrower area (sector model) around the injection well is given an extensive focus. In the Kızıldere
geothermal field, KD-50A has been selected as the pilot CO2 injection well as part of the GECO project
(Figure 3-15). It was initially one of the production wells of the third geothermal power plant (GPP-3),
with a depth of 2392 meters (BSL) reaching to the deeper, productive fault zones in the Menderes
metamorphics. However, KD-50A could not fulfill the demand as a production well and converted to
a re-injection well in 2018.

Figure 3-15. Location of pilot injection well (KD-50A) and phase-3 GPP.

The main reasons for the selection of this well are as follows:
1. The location of KD-50A is very close (540 m air distance) to the geothermal power plant, which
bears financial and engineering benefits for the construction of the surface infrastructure.
2. KD-50A was a production well before being converted to reinjection well, meaning that KD50A is located in the production region. In this regard, it is considered that the effects of CO 2
injection would be better observed in the nearby production wells.
3. A tracer test conducted in 2018 has shown that there is a hydraulic connection between KD50A and the nearby production wells.
The sector model to be used in ToughReact modelling has been extracted from the aforementioned
full-field model, as shown in the red shaded area in Figure 3-16 given below. KD-50, the well that is
planned to be CO2 injector, is located in the middle of this area.
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Figure 3-16. Sector model to be used in TOUGHREACT Model.

KD-50A is located on the east of Büyük Menderes graben. Stratigraphic sequence from top to base in
KD-50A and its surroundings is Tosunlar, Kolankaya, Sazak, Kızılburun, İğdecik and Menderes
metamorphics (Figure 3-17). The Tosunlar formation consists of silts and sandy-claystone between 10
m and 35 m of depth. The Kolankaya formation has a thickness of 450 m and has mainly claystone at
the top and marlstone at the bottom. The well KD-50A cuts the Sazak formation between 487 to 892
m and the formation primarily consists of limestone and marlstone. The Kızılburun formation has
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similar rock lithology as Sazak. In addition to limestone and marlstone, sandstone is observed at the
deeper part of the formation, the depth of Kızılburun formation ranges from 892 to 972 m of depth.
The İğdecik formation is located between 972 m and 1112 m. This lithology is formed by marble,
calcschist, quartzite and mica schists.

Figure 3-17. Stratigraphy on KD50A and nearby wells included in the sector model.

KD-50A intersects the Menderes metamorphics at a measured depth of 1476 m. The main lithology
consists of quartzite, mica schists, and chlorite schists. The mineralogic inventory of this formation
consists of muscovite, calcite, chlorite, biotite, and rarely pyrite. The formation thickness of the wells
included in the sector model is listed in Table 3-1.
Table 3-1. Stratigraphy thickness of the wells considered in the sector model.
Well ID
Formation thickness intersected by the well (m)
Alluvium
Tosunlar
Kolankaya
Sazak
Kızılburun
İğdecik
(Quaternary)
(Pliocene)
(Pliocene)
(Pliocene)
(Pliocene)
(Paleozoic)
KD - 2A
--545
219
174
330
KD - 23B
10
-662
240
145
305
KD - 23-D
15
-654
256
155
390
KD - 25A
10
-465
447
148
452
KD - 25B
20
70
495
320
175
-KD - 29
105
55
485
287
243
435
KD -50A
10
25
452
405
80
440
KD - 83
15
10
525
225
225
--

Menderes
(Paleozoic)
640
1345
1030
1180
2006
1424
1476
2250

3.2 Reservoir modelling
In the Kizildere geothermal system, two separate reservoirs that are fed by a complex recharge system
can be identified. The Sazak formation hosts a shallower reservoir and has relatively larger
permeability compared to deeper İğdecik and Menderes metamorphics that form the deeper
reservoir. A combination of sandy and clayey limestone with minor amounts of marl and sandstone
creates the Sazak formation. This formation differs from other sedimentary rocks due to its high
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carbonate content. The Kolonkaya formation that deposited on top of the Sazak formation forms the
caprock of this shallow reservoir due to its high clay content. The caprock zone between the shallower
and deeper reservoirs can be determined by pressure interference testing and the temperature logs
within GPP-2 wells. The basement of the Kızıldere field consists of deeper reservoir in the metamorphic
rocks of the Menderes Massifs with relatively high permeability due to the faults and fracture network.
Notably, the NE-SW trending strike-slip Gebeler fault and the adjacent fractures are considered as the
most productive zones for carrying the geothermal fluid into the deeper reservoir. Reservoir
temperatures in the first two reservoirs of Kızıldere geothermal field are between 130 - 198 °C, and
200-212 °C in Sazak and Iğdecik formations, respectively. The deepest reservoir in quartzite and marble
levels of Menderes metamorphic units was discovered in 1998, at approximately 2261 m depth with
a temperature of 242 °C (Şimşek, 2003).

3.2.1 Methodology
3.2.1.1 Permeability estimation
In order to have a better understanding of the fracture permeabilities, a study has been conducted for
the estimation of fracture properties. Permeabilities of the shallow and deep reservoirs can be
estimated using mud-loss data of several wells. Mud invasion from a wellbore into the surrounding
formation can be used to determine fracture aperture and permeability of a formation. Huang et al.
(2011) developed a method for estimating fracture aperture size that involves solution of a quadratic
equation with wellbore radius, overpressure ratio, and the maximum mud-loss volume as input
parameters. First, fracture aperture sizes as a function of depth are estimated using mud-loss data.
Formation permeability can then be calculated using predicted fracture apertures. Estimation of
permeability was carried out with a fractal approach developed by Miao et al. (2015). Fracture
aperture was estimated by a quadratic equation proposed by Huang et al. (2011). According to this
approach, it is assumed that mud-flow will stop in time due to overpressure reaching to yield stress of
the drilling fluid. Ultimate invasion radius of mud flow (Eq. 3-1) depends on the wellbore radius rw (m),
hydraulic fracture aperture h (m), yield stress of the mudflow τy (Pa) and pressure difference from the
well to the formation ΔP (Pa).

( rs )max = 1 +

hP
[𝑬𝒒. 𝟑 − 𝟏]
3rw y

Maximum mud-flow volume (m3) is given as

(Vm )max =  h (( rs )max − rw2 )
2

[𝑬𝒒. 𝟑 − 𝟐]

Combination of Eq. 3-1 and Eq. 3-2 gives the quadratic equation as (Huang et al., 2011)
2

 P  3
 P  2 9

 h + 6rw 
 h − (Vm )max = 0 [𝑬𝒒. 𝟑 − 𝟑]

 y 
 y 

where ΔP/τy is overpressure ratio. Maximum mud-loss volume can be determined using total mudloss volume over the number of events of mud-losses in a given time. Fracture permeability can then
be estimated via the fractal approach accounting for minimum and maximum fracture apertures, and
fracture porosity ϕF (Miao et al., 2015).
3
2
2
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in which D is real dimension (e.g., 3-D), lmax is maximum length of fracture (m), α and θ are fracture
plane dip angle and azimuth, respectively. Fractal dimension, Df is defined as the ratio of complexity
over fractal patterns. In other words, the logarithmic slope between number of fractures and length
of fractures gives the fractal dimension. One of the techniques to determine the fractal dimension and
to estimate the fracture intensity is image analysis of outcrop pictures. ImageJ, an image processing
program, is used to determine minimum, maximum length of fractures and the corresponding fractal
dimension, which are then used to estimate permeability. An example of a segmented image of a
marble outcrop taken from the Karacasu marble quarry near Aydın province in Turkey can be seen in
Figure 3-18. This marble quarry is extension of metamorphic reservoir outcropped approximately 50
km away from the Kızıldere geothermal field. It provides crucial information about fracture
characteristics of the Kızıldere geothermal reservoir.

Figure 3-18. Fracture traces of processed image obtained from a marble outcrop.

In order to calculate permeability using the fractal approach (Eq. 3-4), outcrop images were analyzed
using ImageJ software. Fracture traces were determined using Ridge Detection algorithm. Fractal
dimensions were calculated for fifteen marble and four schist outcrop images (Table 3-2). Larger
fractal dimensions are obtained for marble veins in which schist formations were observed (sample 3,
4 and 5). Schist outcrop samples have relatively higher fractal dimensions compared to those of marble
outcrops.
Table 3-2. Estimated fractures properties of marble and schist outcrop samples.
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Marble outcrop samples

Fractal
dimension
Df
1.273
1.253
1.478
1.497
1.507

Minimum
fracture
length (m)
0.02
0.018
0.04
0.12
0.12

Maximum
fracture
length (m)
0.63
0.66
0.68
3.22
6.45

1
2
3
4
5
Schist outcrop samples
1
1.513
0.05
0.54
2
1.467
0.04
0.67
3
1.435
0.04
0.65
*P22 denotes the total fracture trace length divided by the trace plane area.

Fracture
intensity
P22 (m-1)*
16.48
10.82
18.9
5.44
7.41

Fracture
spacing
(m)
0.058
0.089
0.053
0.18
0.13

12.51
10.42
11.34

0.052
0.095
0.074

3.2.1.2 Reservoir sector model
It is challenging to study reactive processes using a full-field model due to large spatial and temporal scales.
A sector model that covers pilot injection well (KD-50A) and nearby production wells is constructed to
study reactive transport and geochemical interactions between fluid-CO2 and rock minerals (Figure
3-19). This model is used to calibrate temperature-pressure gradients and initial weight fraction of CO2
in the produced stream by fitting available static measurements. Since KD-50A and nearby production
wells are drilled to Menderes metamorphics, the model depth is limited between 1400 to 3700 m,
which is divided into twelve layers in the vertical direction. Only the wells in the vicinity of KD-50A are
considered by ignoring distantly located wells to minimize computational effort. Horizontal extension
of the model is kept large to satisfy boundary conditions of the numerical solution. The mesh is
generated using the Voronoi method. The grid area varies from 100 m 2 near the wells to 7×104 m2
near the boundaries to capture convective mixing and near well processes where pressure and
temperature transients are large. Faults with varying orientations and non-flat connections between
two layers may introduce convergence errors as they do not meet geometric requirements of the
TOUGH2 solver. Therefore, rather than MINC approach an equivalent porous model approach where
permeability of the faults is set separately, has been implemented. Before dynamic production and
injection, the sector model is run using rock and fluid properties given in Table 3-3, until reaching
natural state conditions. Conductive heat flux is fixed to 0.2 W m-2 and (-) 0.2 W m-2 at the bottom and
at the top of the sector model respectively.
Table 3-3. Rock and fluid properties of the base case model.
Parameters
Rock density
Rock heat capacity
Water density
Water heat capacity
Bulk thermal conductivity
Thermal gradient
Pressure gradient
Porosity

Value
2600 kg m-3
1000 J kg-1 K-1
1000 kg m-3
4200 J kg-1 K-1
3 W m-1 K-1
0.058 K m-1
8000 Pa m-1
2%
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Figure 3-19. Illustration of sector model KD-50A and the nearby wells.

Fracture permeability plays a vital role in obtaining accurate pressure-temperature distribution of the
sector model. Estimations from well data using empirical equations may not provide relevant results
to fit static PT measurements. There are twelve faults that generate a network for circulating the
geothermal fluid between the wells. The area defined by Gebeler fault and the adjacent fractures
represent the most productive area of the field. In order to mimic high flow rates, permeability of this
area is assigned higher compared to the rest of the model where moderate permeability values are
defined. Three models with variable permeability values have been compared for best fit (Table 3-4).
In scenario 1, the model is populated with mud-loss estimated permeability values. The permeabilities
are set relatively lower for the scenario 2 and 3.
Table 3-4. Scenarios with permeability variations for sensitivity.
Scenario 1
Scenario 2
Zone
Zone
XY
Z
XY
Z
permeability
permeability permeability permeability
(m2)
(m2)
(m2)
(m2)
-13
-14
-14
Gebeler fault
2×10
7×10
7×10
7×10-14
-14
-15
-15
Other faults
7×10
1×10
2×10
2×10-15
-14
-16
-15
The rest of
2×10
1×10
1×10
1×10-15
the domain

Scenario 3
XY
permeability
(m2)
7×10-14
4×10-15
2×10-15

Z
permeability
(m2)
7×10-14
4×10-15
2×10-15

Further sensitivity analyses are carried out for porosity values. However, it is observed that any
porosity value larger than 2 % leads to an overestimated temperature distribution compared to static
measurements. On the other hand, unusually small porosity values are observed at several locations
where precipitation of several minerals occurred. Moreover, if the areal permeability value is set lower
than 1×10-16 m2, convergence problems occurred during dynamic runs.

3.2.2 Results
3.2.2.1 Estimated permeability from mud-loss data
Quadratic equation given in Eq. 3-3 is solved to estimate fracture aperture with observed mud-loss of
KD-50A, which was monitored every 2 m to 5 m of depth along the wellbore and other surrounding
wells. It is assumed that the number of events occurred every second and the volumetric rate of mudloss as a function of depth is multiplied with the event (the volumetric flow rate of mud-loss (m3 s-1) ×
event (s) = maximum mud-loss volume (m3), Eq. 3-2). Estimated fracture apertures from mud-loss data
are interpolated between the wells and assigned to the model (Figure 3-20a). Corresponding
permeabilities are then calculated with Eq. 3-4 using estimated fracture apertures, fractal dimensions,
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and fracture lengths. It has been observed that fractal dimension has a significant impact on the
results. If fractal dimension is approximately 1.5, permeabilities change between 3×10 -13 and 5×10-13
(m2). On the other hand, if fractal dimension is lowered to 1.2, permeability values decrease one order
of magnitude. Permeability predictions interpolated between wells can be seen in Figure 3-20b. Higher
permeability values are observed at deeper sections, but since limited interpolated data is available
around the deepest well (KD-25B), areal permeabilities might be slightly overestimated in deeper
sections (i.e. depth >2800 m).

(a)

(b)

Figure 3-20. Interpolation results of fracture aperture (m) and fracture permeability (m2) in the sector model zone: a)
Fracture aperture distribution. b) Fracture permeability distribution. The results are generated from mud-loss data of the
demonstrated wells.

3.2.2.2 The sensitivity of the sector model to permeability
During natural state each scenario is run for twenty thousand years and then a dynamic simulation
with actual production and injection is carried out for 50 years. The simulations start from 1984 and
continue to 2034. The wells considered in the sector model commence operation after 2013. In the
sensitivity simulations, the CO2 injection is not considered. Figure 3-21 and Figure 3-22 show, the
weight fraction of CO2 and temperature distributions after natural state simulations. Larger grids at
the corners with higher volume factors (50 factor) behave like a flux boundary and colder temperature
plumes at the corners move toward the warmer bottom. As a result, weight fractions of CO2 are lower
at the edges of the model. This discrepancy slightly interferes with our results in the middle of the
model. Due to minimize these boundary effects spatial model extensions are kept somewhat large.
Temperature distribution around KD-50A demonstrates that heat is carried mostly along the Gebeler
fault, which has higher permeability values. This effect can be seen in middle portion of the model
(Figure 3-21). Temperature difference between 1500 to 2500 m is approximately 25 °C, which should
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be around 60 °C with a linear temperature gradient. Other faults, which have larger permeabilities
compared to the rest of the grids, contribute to fast heat distribution, which can be observed in Figure
3-21.

Figure 3-21. The weight fraction of CO2 distribution around the wells after the natural state.
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Figure 3-22. Temperature distribution around the wells after the natural state.

The pressure profiles for all scenarios with different permeability values provide identical trends that
are in-line with the measured static data (Figure 3-23). However, it can be seen that in scenario 1 which
has higher permeability values temperature profiles of each well are somewhat larger compared to
those of scenario 2 and 3. Similar to temperature results, weight fractions of CO2 of KD-2A, KD-23B,
and KD-29 show similar trends. As the permeability increases, temperature and weight fraction of CO2
are overestimated compared to the measured data. In particular, it is difficult to predict permeability
values of the faults. Permeabilities estimated with empirical equations using mud-loss data result in
higher temperatures and CO2 fractions in the simulations.

(a)

(b)
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(c)

(d)

(e)
Figure 3-23. Pressure comparison with static measurements.

Calculated weight fraction of CO2 values of the wells after natural state process are nearly same at
identical depths (i.e. 0.04 at 1500 m of depth). Note that, all wells present in the sector model
commenced at 2013. However, some production and injection wells have not been included this
causes a decrease in computed partial pressure of CO2. Therefore, measured weight fraction of CO2
values for the considered wells are assigned offset values for reasonable comparison. Measured
weight fraction of CO2 for all wells quickly declines after 2018 and decreases below 0.01 (Figure 3-24).
Decreasing trend becomes linear after 2019, particularly for KD-23B and KD-29. The reason for this
linearization can be due to production/injection of ignored wells in the sector model, which may cause
decrease of partial pressure of CO2. Therefore, the decline trends do not match well with the
measurements after 2019.

(a)

(b)
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(c)
Figure 3-24. CO2 comparison with measurements.

KD-23B, KD-23-D, and KD-2A penetrate the Gebeler fault. Measured temperature profiles of KD-23B
and KD-2A shown in Figure 3-25a and Figure 3-25b are somewhat steep below 1500 m. In contrast,
KD-23-D has a similar temperature profile below 2000 m of depth. This temperature profile shows a
likely higher permeability zone. However, it is difficult to create permeability zones around the faults
due limitations in grid sizes and their orientations. Therefore, the temperature distribution is roughly
matched. Temperature results of scenario 2 provides the best approximation when the results of all
wells are considered. Higher permeability, as in scenario 1, has a better fit for wells penetrating the
Gebeler fault (KD-23B, KD-23-D, and KD-2A). However, the results are overestimated in other wells
(KD-50A and KD-25A). The mismatch is probably due to the coarser grids around the Gebeler fault.

(a)

(b)

(c)

(d)
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(e)

(f)

Figure 3-25. Temperature comparison with static measurements.

3.2.3 Summary
In this chapter, fracture properties of the Kızıldere geothermal reservoir were estimated using mudloss data of several wells, and then a range of permeability values of the reservoir structures were
calculated with fractal approach based on the predicted fracture apertures. These calculated
permeability values do not provide an exact solution for temperature and pressure of the reservoir.
Therefore, a 3-D sensitivity analysis was carried out with TOUGH program to determine appropriate
permeability values obtained from fractal approach. To calibrate the model, the temperature-pressure
gradients in Kızıldere reservoir and initial weight fraction of CO2 in the produced stream were fitted
with available static measurements obtained from the wells. As a consequence, Scenario 2 provides
the best approximation, thus, the specified permeability values in this scenario are used in further
reactive transport modelling.

3.3 Geochemical modelling
Emissions of greenhouse gases such as CO2 emitted at geothermal power plants are an obstacle to
calling geothermal energy a sustainable green power source. However, recent advances in carbon
capture and storage technologies have enabled lower emissions by re-injecting produced CO2 into the
reservoir. GECO’s unique approach consists of capturing the waste gases, dissolving them in the
exhaust geothermal water stream, and re-injecting the aqueous solution into the reservoir. In this
regard, it is aimed to reduce geothermal emissions by mineralizing injected CO2 into the deep reservoir
of Kızıldere (Turkey) geothermal field. In order to model this process, geochemical characteristics of
the injection both at the surface mixing points and in the reservoir are modelled. Preliminary results
of developed predictive models are reported in three subsequent sections. Studies on the chemical
composition of CO2 charged injection water and its mixture with reservoir water in the vicinity of the
injection well are demonstrated in the geochemical mixing section. The geochemical mixing between
the geothermal reservoir water and CO2 charged effluent water is evaluated with PHREEQC software
(Parkhurst, 1995). CO2-water-rock interactions are systematically investigated in reaction path
modeling and reactive transport modeling. In the second section, reaction paths of CO2-water-rock
interactions are considered in a batch system in terms of both thermodynamic chemical equilibrium
and kinetic reactions. Furthermore, the impact of several parameters such as grain size, specific
surface area, and volume fractions of minerals is assessed. In the reactive transport section, a 3-D
sector model is constructed using TOUGHREACT for fluid-CO2 injection into deep metamorphic rocks
of Kızıldere geothermal field in Denizli, Turkey. The chemical species of geothermal fluid are
determined using samples collected from Webre type separators of production wells. Numerical batch
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reactions are carried out between chemical species of geothermal fluid and CO2 to find hydrothermal
equilibria between minerals. Moreover, fast converging 1-D reactive transport models are used to test
different mineral contents and their interactions with CO2-geothermal fluid and to extend the
understanding of the reaction flow paths in the vicinity of the injection well.

3.3.1 Geochemical mixing model
3.3.1.1 Methodology
3.3.1.1.1 CO2 injection design
At the beginning of the GECO project, CO2 injection similar to CARBFIX project had been planned. Due
to difficulties (i.e. high wellhead pressure) involved, it has been decided to use a simultaneous injection
methodology where CO2 is mixed with bypass pond water prior to injection. The excess condensed
steam in cooling towers is discharged to the bypass pond at the power plant. As a result, pond water
has low dissolved constituents. CO2 and H2S accompany steam in the production line. The latest
version of CO2 injection design has been used to compute geochemical characteristics of mixed fluids
(Figure 3-26): effluent water, bypass pond water, and non-condensable gas (NCG). In this design, NCG
(T~85 °C) collected from the exhaust of the power plant will be mixed with bypass pond water (T~30
°C). A compressor will be used to pressurize the NCG to 13 bar g. The temperature of the resulting
mixture (mixture_1 Figure 3-26) is expected to be 40 °C. Flow rates of bypass pond water and NCG will
be 12 ton/h and 0.2 ton/h, respectively. At these conditions, NCG consisting of 99 % CO2 will be
completely dissolved at mixture_1. It is expected that CO2 amount in the mixture will be 1.67 % by
weight. After CO2 dissolution in pond water, the resulting mixture will be pressurized up to 33 barg by
using a booster pump, which then will be mixed with power plant effluent at mixture_2. The flowrate
of effluent water is planned to be 178 ton/h. The final dissolved CO 2 amount in the injection water at
mixture_2 is expected to be 0.11 % by weight.

Figure 3-26. Kızıldere CO2 injection system design.

Effluent water collected from the separation units of the geothermal power plant has already been
injected into the deep reservoir. Its chemistry is a concentrated form of the average reservoir
chemistry except for dissolved inorganic carbon (DIC). Boiling, CO2 degassing, and mineral scaling,
which occur at the production wells and the main separator, are main processes that affect effluent
brine chemistry from that of the reservoir brine. While boiling concentrates the effluent water, CO 2
degassing drops DIC content and raises its pH. When steam condenses after passing through the
turbine or at the cooling tower, CO2 and H2S dissolve in the condensed steam that results in decreased
pH. Although gas sampling at the exhaust of the power plant has not been carried out, the gas content
of the exhaust is expected to be as same as production wells. Gas analysis of production wells in the
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field has shown that 99 % of the NCG is CO2 (Akın and Kargı, 2019). Therefore, NCG can be assumed as
pure CO2 in the geochemical calculation of mixture.
3.3.1.1.2 Surface mixing
Chemical changes like CO2 dissolution and mixing of CO2 with bypass pond water at mixture_1 and
then effluent water are simulated using PHREEQC (Parkhurst, 1995). Analysis of bypass pond water
and effluent water (Table 3-5) are defined as two distinct solutions in PHREEQC. Then, 0.38 moles CO2
(1.67 wt% CO2) is irreversibly added in pond water and the temperature is increased to 30.8 °C. After
that, it is mixed with effluent water using aforementioned flow rates. Each solution is multiplied by its
mixing fraction, and the resulting composition at mixture_2 is calculated by summing two fractional
solutions. The temperature at mixture_2 is calculated based on energy balance using solution
enthalpies. Thus, CO2 charged injectate water composition is calculated. Geochemical characteristics
of the water are calculated for dissolution of 0.38 mole CO2 in 1 kg pond water, which is diluted to
0.024 mole/kgw CO2 after mixing with effluent water. In order to calculate possible working range of
CO2 molar ratios, which will ensure all injected CO2 to be dissolved in injection water and preclude gas
formation in re-injection wells, partial pressures of various amounts of dissolved CO2 are calculated at
elevated temperatures. Note that, these preliminary parameters are subject to change before or
during the injection.
3.3.1.1.3 Reservoir mixing
Effluent water has been injected from KD-50A since 2018. Therefore, it is expected that effluent water
dominates the reservoir in the vicinity of the injection well. In the early stage of CO 2 injection, CO2
charged water will be continuously mixed with the reservoir brine. After some time, CO2 charged water
will dominate the reservoir fluid. The elapsed time for transition depends on the reservoir volume. It
is expected that the duration of this mixing stage will be very short near the vicinity of the well. For
this reason, geochemical evolution in the early stage of CO2 injection is calculated in the absence of
water-rock interaction. The mixing calculations are carried out using various fractions of the reservoir
brine (effluent water) and injectate. The mixed solution is saved and mixed with another injectate
sequentially in PHREEQC.
3.3.1.2 Results
3.3.1.2.1 Geochemical characteristics of CO2 charged injection water
The fluid compositions used in calculations are given in Table 3-5. Effluent water and bypass pond
water were sampled at KD-50A and bypass pond of the power plant (Kızıldere-III), respectively. Since
effluent water is free of CO2, its pH is high (9.6). At an injection temperature of 105 °C, the pH of
effluent water is calculated as 9. Assuming that bypass pond water is 30 °C, it will have a pH of 6.84.
Calculated pH based on the dissolution of 0.38 moles CO2 per kg of the pond water is 3.68. Because of
the CO2 addition, DIC value will increase at mixture_1 while concentrations of other constituents
remain the same. Calculated pH at mixture_2 will be 6.83. It is expected that mixture_2 represents
CO2 charged injection water. The distribution of species in effluent water and CO2 charged injectate
are investigated. It has been observed that considerable changes in species between effluent water
and CO2 charged water are present (Figure 3-27). Since secondary species is limited to 70 in
TOUGHREACT, dominant secondary species determined from PHREEQC are individually used in
TOUGHREACT. Otherwise, an error is encountered when components in Table 3-5 are defined as
primary species, and all secondary species are enabled in TOUGHREACT.
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Table 3-5. Measured and calculated chemical compositions (mole/kgw).
Effluent Water
Bypass
Pond Water
Temperature (°C)
105
30
TpH (°C)
20
20.5
pH
9.6
6.84
Al
3.30E-05
As
1.81E-05
B
2.32E-03
Br
8.80E-06
DIC
3.05E-02
8.74E-03
Ca
1.42E-04
3.77E-05
Cl
3.32E-03
9.38E-04
F
1.53E-03
4.21E-05
Fe
2.88E-07
K
4.40E-03
9.44E-05
Li
6.66E-04
Mg
3.80E-06
2.68E-06
NH4
2.17E-04
8.22E-03
Na
6.57E-02
2.86E-03
PO4
7.41E-06
SO4
8.30E-03
2.80E-04
SiO2
7.13E-03
2.60E-04

Mixture_1

Mixture_2

30.8
30.8
3.68

100
100
6.83
3.11E-05
1.70E-05
2.19E-03
8.28E-06
5.20E-02
1.36E-04
3.17E-03
1.45E-03
2.71E-07
4.14E-03
6.26E-04
3.74E-06
6.98E-04
6.19E-02
6.97E-06
7.82E-03
6.72E-03

3.89E-01
3.77E-05
9.38E-04
4.21E-05
9.44E-05
2.68E-06
8.22E-03
2.86E-03
2.79E-04
2.60E-04

LLNL (Lawrence Livermore National Laboratory) database is used in PHREEQC calculations. Changes in
saturation indices of 1122 minerals in the database are examined. Four groups are classified based on
the changes before and after CO2 injection (Figure 3-28). In the first group, all minerals remain
supersaturated before and after CO2 injection. In the second group, minerals are undersaturated
before the injection of CO2 charged water. However, they become supersaturated after CO2 injection.
The minerals in these groups have the potential to precipitate as a secondary mineral in the reservoir
at a temperature around 100 °C. Reactive transport modeling by selecting all of them as a secondary
mineral is not possible due to numerical solution limitations and lack of a kinetic database. Therefore,
minerals that have been observed in lab experiments are crucial for geochemical modeling studies. In
the third group, minerals are supersaturated before CO2 injection but become undersaturated after
the injection. In the fourth group, saturation indices of minerals do not change and remain
undersaturated before and after the injection. The dissolution of the minerals in the last two groups
is constrained by the reservoir lithology. Therefore, interpretation of XRD, XRF, SEM, and thin section
analysis are needed to decide which mineral phases should be defined in geochemical modeling.
Geochemical studies reported in literature are used while waiting for the results of the analysis of
experimental results from GECO partners.
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Figure 3-27. Distribution of species in effluent and CO 2 charged injection water. Components that show considerable
changes in species between effluent water and CO2 charged water are given in this figure.

Before conversion to an injection well, KD-50A was a production well. The latest dynamic temperature
measurement at the reservoir level of the well is 220 °C. Re-injection temperature is around 105 °C at
the surface line. As a result, the front or edge of the temperature of CO2 charged injection water should
be between 105 °C and 220 °C while flowing through the geothermal reservoir. The pressure at the
injection line on the surface is about 30-32 barg. In the case of CO2 only mixing with effluent water,
the maximum injectable CO2 amount is calculated as 0.3 moles per 1 kg water at-line conditions (Figure
3-29). Above this amount, some portion of CO2 flows in the gas phase and buoyant forces may cause
plugging in the well, which may halt the injection operation. If 0.3 mole/kgw CO 2 is injected and any
water-rock interaction along with dilution does not occur in the reservoir, total gas pressure increases
to 52.7 bar at 220 °C as a result of conductive heating. However, since the measured reservoir pressure
is 200 bar, a pressure drops below 52.7 bar is not expected.
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Figure 3-28. Changes in saturation indices minerals in the LLNL database before and after CO 2 injection.
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Figure 3-29. Dissolved gas pressure in effluent water at various temperatures.

As the gas solubility is inversely proportional to the temperature, the partial pressure of dissolved CO 2
increases with the temperature. Therefore, bypass pond water, where the water temperature is
between 15 and 40 °C, is a good candidate for dissolving large amounts of CO2. Calculated CO2
solubility in bypass pond water is given in Figure 3-30. In the case of CO2 mixing with bypass pond
water at 30 bar, CO2 can be dissolved up to 6 and 3.2 wt % at 15 and 40 °C, respectively. The pH of
injection water is calculated as 5.45 when 0.3 mole of CO2 dissolves in 1kg effluent water at 105 °C
and 30 bar. On the other hand, pH is calculated around 3.4 in the case of 3.2 - 6 % wt CO2 dissolved in
pond water.
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Figure 3-30. Dissolved gas pressure in bypass pond water at various temperatures.

3.3.1.2.2 The computed ﬂuid compositions of the mixture in the absence of water-rock interaction
Effluent water has been dominating the reservoir in the vicinity of KD-50A. Injection temperature is
105 °C in the surface line, and the temperature is expected to be the same throughout the injection
well. It is assumed that the temperature in the reservoir close to KD-50A is about 105 °C. When CO2
injection starts, mixing will occur in the vicinity of the well where reservoir water (effluent water) mix
with CO2 - brine mixture (Figure 3-31a). As the amount of CO2 charged water mixture increases, the
temperature of the mixture decreases, and partial pressure of dissolved CO2 increases (Figure 3-31b).
Assuming that the reservoir pressure is 200 bar, dissolved CO2 has no chance to create a gas bubble
with such a low partial pressure. Because of the absence of any water-rock interaction, DIC increases
linearly, and pH decreases, as seen in Figure 3-31c.
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Figure 3-31. a) Demonstration of the mixing zone in the vicinity of the injection well and batch system. b) Changes in
temperature and partial pressures in the mixture. c) Calculated eﬀect of mixing the injected CO 2-charged ﬂuid with the
reservoir water on the pH of the mixed ﬂuid.

Figure 3-32. Changes in saturation states of mineral assemblage before and after CO 2 injection.

Since experimental results concerning mineral content of the host rock have not been received, the
mineral assemblage is selected based on literature, drilling logs, and field observations. Changes in the
saturation state of the selected mineral assemblage are filtered from the calculated results given in
Figure 3-28 and compared in Figure 3-32. As can be seen from Figure 3-32, dolomite, chlorite, siderite,
and magnesite are undersaturated; calcite is in equilibrium, and others are supersaturated in CO 2
charged water composition. Siderite and magnesite do not exist primarily in the host rock, and they
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are considered secondary minerals. For this reason, they cannot dissolve even though they are
undersaturated at mixture_2 composition. Saturation states of the mineral assemblage given in Figure
3-32 change as the mixing ratio increases (Figure 3-33).

Figure 3-33. Changes in saturation states of the minerals in the mixing of CO2-charged ﬂuid with the reservoir water.

3.3.1.3 Summary
Studies on the chemical composition of CO2 charged injection water and its mixture with reservoir
water in the vicinity of the injection well are demonstrated in this sub-section. Calculated pH for CO2
charged injectate is 6.83. LLNL database is used for the calculations and four groups are classified
based on the changes in saturation indices before and after CO2 injection. In the case of CO2 only
mixing with effluent water, the maximum injectable CO2 amount is calculated as 0.3 moles per 1 kg
water at-line conditions. Above this amount, some portion of CO2 forms the gas phase and buoyant
forces may cause plugging in the well, which may halt the injection operation. If 0.3 mole/kgw CO 2 is
injected and any water-rock interaction along with dilution does not occur in the reservoir, total gas
pressure increases to 52.7 bar at 220 °C as a result of conductive heating. However, since the measured
reservoir pressure is 200 bar, a pressure drops below 52.7 bar is not expected. In the case of CO2
mixing with bypass pond water at 30 bar, CO2 can be dissolved up to 6 and 3.2 wt % at 15 and 40 °C,
respectively. pH is calculated around 3.4 in the case of 3.2 to 6 % wt CO2 dissolved in pond water.
Mineral assemblage is selected based on literature, drilling logs, and field observations. Computation
is revealed that dolomite, chlorite, siderite, and magnesite are undersaturated; calcite is in
equilibrium, and muscovite, quartz, illite, kaolinite, smectite, K-feldspar, albite are supersaturated in
CO2 charged water composition.

3.3.2 Reaction path modeling
In this section, reaction paths of CO2-water-rock interactions are considered in a batch system in terms
of thermodynamic, chemical equilibrium and kinetic reactions. Moreover, the impact of several
parameters such as grain size, specific surface area, and volume fractions of minerals are assessed.
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3.3.2.1 Methodology
3.3.2.1.1 Kinetic rate laws and mineral contents of rocks
The kinetic rate equation that governs the grain size of minerals for dissolution/precipitation was given
by Lasaga (1984) as follows:

 − Eiae  1

1 
 IAP 
Ri = sigeo ki 25 exp 
−
1−
 R  T 298.15    K 
 gas


p q

[𝑬𝒒. 𝟑 − 𝟓]

Where R is mineral dissolution/precipitation rate (mol m-3 s-1), sigeo is the geometric surface areas (GSA)
of the ith mineral (m-1), Eiae is the activation energy (kJ mol-1), Rgas is the universal gas constant (J mol-1
K-1), T is the temperature (K), ki25 is the kinetic rate constant of each mineral at 25 °C. IAP is the ion
activity product, and K is the equilibrium constant. IAP = K implies equilibrium of a mineral phase, IAP
< K implies dissolution, and IAP > K indicates precipitation. The ratio of IAP to K is the saturation ratio,
and its natural logarithm is the saturation index of a mineral, p and q are empirical parameters and
dimensionless constants related to dissolution/precipitation.
The mineral contents are determined from previous studies conducted in the same region.
Karamanderesi and Ölçenoğlu (2005) summarized the X-ray diffraction (XRD) analyses carried out for
several wells at several depths in the Denizli – Sarayköy geothermal field near the Kızıldere geothermal
field. In the sector model and the reaction path modeling, the crucial part is the Menderes Massif
metamorphics, where the injection takes place. According to Karamanderesi and Ölçenoğlu (2005),
the Menderes Massif metamorphics should be studied in two separate zones. These two zones are
characterized as:
Zone 1: 1950 - 2050 m - Marble zone.
Zone 2: 2050 - 2401 m - Mica schist zone (İgdecik formation).
Between 1950 - 2036 m, X-ray diffractometer results show that main minerals are calcite, dolomite,
quartz, possible minor alkali feldspar (albite), muscovite and kaolinite. Various thin section samples
have also shown that mica-quartz schist, quartz-mica-calc schist, quartzite, and silicified rock
fragments, as well as carbonatized rock pieces, exist at the top of the marble zone. At the bottom of
the marble zone between 2036 - 2050 m, X-ray diffraction studies have discovered similar minerals
such as calcite, dolomite, quartz and feldspar. Moreover, some chlorite-smectite (montmorillonite)
and mica-smectite mixed-layers were noticed. Other minerals found in the same zone are amphibole
(hornblende), muscovite, and kaolinite. In the mica-schist zone between 2041 - 2050 m, X-ray
diffraction studies show that mineral compositions are dominated by mica (muscovite/biotite), quartz,
chlorite, smectite (montmorillonite), kaolinite and calcite. Some cutting samples demonstrate
significant amount of microcrystalline pyrite. Ozan (2007) investigated hydrothermal alteration
minerals at Kızıldere (Denizli) and Ömerbeyli (Aydın) geothermal regions. She conducted XRD analysis
on core samples collected from GPP-I wells, which supply steam to Kızıldere-I power plant. Collected
samples consist of quartz, calcite, dolomite, mica, feldspar, chlorite, illite, kaolinite, and smectite.
Distribution of mineral abundance through production wells of GPP-I in the Kızıldere geothermal field
is shown in Figure 3-34. Using X-ray diffraction analyses from Karamanderesi and Ölçenoğlu (2005),
the mineral assemblage is defined and further tested with the batch reactions in TOUGHREACT and
PHREEQC. The results of these numerical studies can be found in the following chapters. The kinetic
rate constant and activation energy parameters of some of these minerals (Table 3-6) are taken from
the USGS Report by Palandri and Kharaka (2004). The reaction kinetics of carbonate minerals,
particularly, calcite becomes essential due to faster reactions compared to other silicate minerals..
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Dreybrodt et al. (1997) examined in the laboratory the reaction kinetics of both limestone and marble
grain particles, and they obtained similar results. Both of the rock types exhibited analogous behavior
in terms of the kinetics. The provided kinetic rates were also in-line with the given values in the USGS
report.

Figure 3-34. Distribution of mineral abundance through production well of GPP1 in KGF (modified from Ozan, 2007).
Table 3-6. Kinetic rate constants and activation energy of considered minerals (Palandri and Kharaka, 2004).
Minerals
Neutral mechanism
Activation energy (kJ
Rate constant k25 (mol m2 s-1)
mol-1)
Dissolution - precipitation
Calcite
1.54 х10-6
23.5
Chlorite
6.4 х10-17
16
Kaolinite
1.1 х10-14
38
Muscovite
2.81 х10-14
22
Quartz
6.4 х10-14
77
Smectite-Ca
1.65 х10-13
35.4
Smectite-Na
1.65 х10-13
35.4
Albite-low
2.7542 х10-13
69
-19
Ankerite
1.25х10
62
Chalcedony
6.4 х10-14
77
Dolomite
2.9512 х10-8
52
Illite
3.3 х10-17
35
Magnesite
4.57 х10-10
23.5
Siderite
1.2598 х10-9
62
Pyrophyllite
3.9811 х10-13
29
Hematite
2.51 х10-15
66.2
Dawsonite
1.25 х10-9
62

3.3.2.1.2 The grain size of minerals and specific surface area
The estimation of mineral specific surface area used in reactive transport models for porous media is
mostly based on the average grain size of minerals and typically a makeshift solution. The kinetic rates
of minerals may also vary several orders of magnitude to account for reduced surface reactivity of field
as opposed to laboratory samples with respect to the surface roughness of minerals and the
specific/reactive surface areas. Therefore, the estimation of the specific surface area of the minerals
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is crucial for reactive transport modeling. The goal of this part of the work is to evaluate and compare
these specific/reactive surface area approximations by comparing statistical methods and
experimental data. In the reactive transport modelling, several approximations are used for
continuum formulations of the reactive surface area, including geometric, specific, and effective
surface area. Beckingham et al. (2016) studied typical estimation methods of specific surface areas of
minerals and compared with BET-based surface area measurements (Brunauer et al., 1938, BET
theory), the adjusted geometric surface area and a newly developed image-based method.
Furthermore, they aimed to determine which of the methods provide the best match with the effluent
chemistry from the well-stirred reactor. They obtained the best match from the image-based approach
supplemented by literature-derived BET measurements. One of the most important outcomes is that
BET surface area values account for the grain-size distribution of each mineral to capture the evolving
reactive transport and were not limited to single grain size.
Another consideration in the theoretical models is the geometric shapes of the grains and pores.
According to Slaughter (2002), circular pores and spherical grain assumptions are associated with small
error between predicted and measured permeability (<1 % compared to 20 and 23 %, respectively, for
triangles and ellipses). Therefore, it is assumed that the assumption of circular pores and spherical
grains may also provide the closest specific surface area estimations compared to the natural rocks.
The BET surface areas of some of the considered minerals in this study and the grain sizes collected
from existing literature studies given by Beckingham et al. (2016) are given in Table 3-7. There is a
wide range of existing BET measurements with differences by as much as two orders of magnitude
between the minimum and maximum values. Variation in BET surface areas results from differences
in natural alteration and grain size distribution.
Table 3-7. Specific surface areas of some minerals with BET data for the minimum and maximum range, BET new imaging
method, and grain size distribution (Beckingham et al., 2016).
BET – new image perimeter
BET - Grain
BET – minimum specific
BET – maximum specific
Mineral
method-specific
surface area
size (µm)
surface area (cm2 g-1)
surface area (cm2 g-1)
(cm2 g-1)
Biotite
10 – 420
5100
47400
47400
Smectite
0.1 – 150
340000
970000
1360000
Muscovite
37 – 800
46000
71500
71500
Chlorite
10 – 250
28000
76000
76000
Illite
2 – 150
54000
141000
141000
Kaolinite
5 – 100
31700
132000
132000
Microcline
75 – 250
400
1640
1640
Pyrite
10 – 250
300
11000
1490
Quartz
75 – 850
225
1110
89
Calcite
44 – 81
300
5586
2810

In order to further examine the uncertainty on the estimation of the specific surface areas of minerals,
Monte Carlo method and a fractal approach have been implemented. Both of these methods account
for the cumulative distribution function (CDF) regarding the measured minimum and maximum grain
size values of minerals. The calculated values of specific surface areas of minerals with the MonteCarlo method and fractal approach are compared with the BET measurement data given in Table 3-7,
and the comparison result can be found in Figure 3-35. The difference between the minimum and
maximum BET measurement values is minimal, and the imaging method of Beckingham et al. (2016)
provides identical results to the maximum BET measurements reported in the existing literature. The
comparison between results demonstrates that maximum values calculated with the Monte-Carlo
method are mostly the closest to the BET measurement data. The CDF fractal approach most likely
provides the mean value of the specific surface area of each mineral respect to its grain size
distribution. Possible reasons that can be accounted are the spherical shape of the grain and the
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roughness factors of minerals (roughness factor is set to 1 for all minerals). If better roughness factors
for the calculated values are adopted a better match between measured and calculated data can be
obtained. Consequently, a range of approximations can be developed or used based on measurable
data.

Figure 3-35. Comparison results of the specific surface area of minerals with the measured BET data. Monte-Carlo methods
and CDF fractal approach were calculated based on the grain size distribution of minerals given in Table 3-7. BET data can
be found in Table 3-7, which were taken from Beckingham et al. (2016).

3.3.2.1.3

Equilibrium and Kinetic Reactions in a Batch System
Reaction path models calculate a sequence of equilibrium states involving incremental or step-wise
mass transfer between the phases within a system, or incremental addition or subtraction of a
reactant from the system, possibly accompanied by an increase or decrease of temperature and
pressure (Helgeson, 1968, 1969). The calculated mass transfer is based on the principles of mass
balance and thermodynamic equilibrium. Unlike speciation-solubility calculations, which deal with the
equilibrium state of a system, the reaction path model simulates processes, in which the masses of
the phases play a role (Zhu and Anderson, 2002). Although the original reaction path models are built
on the concept of “local equilibrium” and “partial equilibrium,” kinetics also can be incorporated into
reaction path models (Gunter et al., 2000; Lasaga et al., 1994). Reaction path modeling is carried out
to get insight on what kind of reactions are taking place in what extent and at which time during the
water-rock interaction. Geochemical reactions both in the batch equilibrium model and as a function
of time in batch kinetic reactions are studied. Reaction path calculations are performed using both
TOUGHREACT (Xu et al., 2006, 2011) and PHREEQC (Parkhurst, 1995). LLNL and thermXu4 databases
are used in PHREEQC and TOUGHREACT, respectively. In reaction path calculations, only water-rock
interactions between CO2 charged water and defined mineral phases are considered. Any dilution due
to the mixing with reservoir water is not included in the modeling. Therefore, reaction path modeling
represents the vicinity of KD-50A spatially. Various temperatures are used in the equilibrium model,
but the temperature is kept constant at 100 °C in kinetic reactions. Mass fraction and specific surface
areas of minerals used in calculations are given in Table 3-8. Minerals in the table are defined as the
equilibrium phase in PHREEQC, and moles of these minerals per kg water is input as the initial amount.
Porosity is taken constant as 2 %, and ambient temperature is 100 °C to calculate the mineral amount
per kg water. Saturation indices are assigned as zero for attaining full equilibrium.
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In order to conduct kinetic modeling in PHREEQC, mathematical expressions for the rates of the kinetic
reactions are defined by writing necessary scripts in the software. A “Basic” interpreter is embedded
in PHREEQC. This interpreter is used during the integration of the kinetic reactions to evaluate the
moles of reaction progress for a time subinterval. A “Basic” program for each kinetic reaction is
developed following Lasaga (1984) as embedded in the LLNL database file.
Table 3-8. Mineral contents and specific surface area of minerals used in reaction path calculations. Porosity was taken as
2 %, and ambient temperature considered as 100°C to calculate the mineral amount per kg water.
Mineral
Mass
Density
Volume
Molar
nmineral/kgw
Specific
Fraction
(g/cm3)
Fraction
Weight
Surf. Area
(g/mol)
(cm2/g
mineral)
Calcite
37.00%
2.71
37.35%
100.087
517.62
5586
Dolomite-ord
9.00%
2.87
8.59%
184.401
68.34
5586
Albite-low
7.00%
2.62
7.32%
262.222
37.38
1640
Musscovite
24.00%
2.83
23.22%
398.306
84.37
47400
Quartz
7.00%
2.65
7.24%
60.084
163.13
1111
Smectite-Na
2.00%
2.76
1.98%
366.25
7.65
970000
Illite
2.00%
2.76
1.98%
383.899
7.29
970000
Kaolinite
2.00%
2.59
2.11%
258.159
10.85
132000
Clinochlore-14A
10.00%
2.68
10.20%
555.793
25.19
16000

3.3.2.2 Results
Saturation indices of defined mineral assemblage at 100 °C are calculated by using CO2 charged water
composition (mixture_2) in aforementioned software. The computed saturation indices and their
comparison are given in Figure 3-36. The results obtained with different databases are consistent.
According to the results, albite low, illite, kaolinite, muscovite, quartz, and smectite are
supersaturated, whereas clinochlore and dolomite are undersaturated. Calcite is in equilibrium with
CO2 charged water (0.11 wt% CO2) at 100 °C.

Figure 3-36. Saturation indices of mineral assemblage in CO 2 charged water composition.

In order to see the direction and extent of the water-rock interaction, equilibrium modeling is
conducted at various temperatures that can be encountered in the reservoir (Figure 3-37). As can be
seen, only calcite and illite are dissolved, whereas others are precipitated. The pH varies between 7.5
and 6.4 for the given temperature range. Equilibrium reactions at different temperatures do not
change the results significantly. The direction of some mineral reactions such as calcite, dolomite,
clinochlore, and illite are different from saturation states at the beginning. Although the saturation
indices give an idea about what kind of reactions will happen, the direction of the reactions in the
144

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

equilibrium system may differ from what is expected based on the saturation state. This difference is
because of different solubilities and relative thermodynamic stabilities of the minerals.

Figure 3-37. Results of equilibrium modelling in a batch system at various temperatures. The negative sign indicates
dissolution.

Time is ignored in equilibrium modeling. However, time and mineral surface area significantly affect
the quantity and direction of the reactions. Reaction kinetic is used to model reaction paths for a
duration of one week from the beginning of the injection. Outputs of kinetic modeling are given in
Figure 3-38 by comparing the results of both software. According to kinetic modeling, most of the
reactions are completed in the first 12 minutes at which a quasi-steady state is attained. During this
time, calcite, clinochlore, illite, and quartz are dissolved, whereas others are precipitated. The pH rises
to 9, and 40 % (wt) of dissolved inorganic carbon (DIC) is precipitated during the first 12 minutes.
Dolomite precipitation accompanies calcite dissolution. Although moles in dissolution and
precipitation of calcite and dolomite are almost the same, the amount of DIC that dolomite consumes
is two times more than the amount of calcite dissolution that provides DIC into the solution.
Therefore, dolomite is the main mineral phase, which reduces DIC. After 2 hours, quasi-steady-state
is broken due to the ongoing dissolution of quartz, illite, and kaolinite (Figure 3-39). Cumulative
reacted mineral amounts calculated with TOUGHREACT and PHREEQC are given in Figure 3-39 and
Figure 3-40, respectively.
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Figure 3-38. Results of reaction path calculations at 100 °C. Incremental number of moles of minerals dissolving or
precipitating in each kg of injected CO2 charged water.

Figure 3-39. Total reacted mineral amount calculated in TOUGHREACT. Negative sign indicates dissolution whereas positive
is precipitation.
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Figure 3-40. Total reacted mineral amount calculated in PHREEQC for the first week. Negative sign indicates dissolution
whereas positive is precipitation.

3.3.2.3 Summary
In this section, reaction paths of CO2-water-rock interactions are considered in a batch system in terms
of thermodynamic, chemical equilibrium and kinetic reactions. Moreover, the impact of several
parameters such as grain size, specific surface area, and volume fractions of minerals are assessed.
LLNL and thermXu4 databases are used in PHREEQC and TOUGHREACT, respectively. The results
obtained with different databases are consistent. According to kinetic modeling, most of the reactions
are completed in the first 12 minutes at which a quasi-steady state is attained. During this time, calcite,
clinochlore, illite, and quartz are dissolved, whereas dolomite, albite, muscovite and smectite are
precipitated. The pH rises to 9, and 40 % (wt) of dissolved inorganic carbon (DIC) is precipitated during
the first 12 minutes. Dolomite precipitation accompanies calcite dissolution. Although moles in
dissolution and precipitation of calcite and dolomite are almost the same, the amount of DIC that
dolomite consumes is two times more than the amount of calcite dissolution that provides DIC into
the solution. Therefore, dolomite is the main mineral phase, which reduces DIC. After 2 hours, quasisteady-state is broken due to the ongoing dissolution of quartz, illite, and kaolinite.

3.3.3 Reactive Transport Modeling
Numerical reactive transport modelling plays a crucial role in extending the applications of
experimental batch results and predicting the spatial and temporal distribution of the geochemical
reactions in a reservoir. One of the major adversities in reactive transport models is the computational
effort corresponding to the runtimes of simulation, computer limitations and numerical consistency
due to the complex coupling between the flow, heat, solute transport, and chemical reactive
processes. In particular, it is difficult to study reactive processes in reservoirs due to the large spatial
and temporal scales. The reactive transport modelling is carried out with 1-D and 3-D sector model
simulations. The 1-D model is constructed to simulate the reactive transport in flow paths as it occurs
between the injection and a nearby production well. The advantages of the 1-D model are its fast
computation and the ability to test the impact of various mineral contents on the geochemical
interaction with the fluid-CO2 mixture in primary fracture paths. A 3-D sector model is constructed for
the pilot injection well, KD-50A and nearby production wells to study the impact of reactive transport
and geochemical interactions on a reservoir scale broadly.
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3.3.3.1 Methodology
3.3.3.1.1 1-D reactive transport
The 1-D reactive transport model is constructed using an average distance between the pilot injection
well, KD-50A and surrounding production wells. The average distance between the injection well and
the production wells (KD-25B, D-83, and KD-23-D) are 380, 484, and 439 m, respectively. Thus, the
length of the 1-D model is set to 500 m (Figure 3-41). The depth is determined from the mud-loss data
analyses of KD-50A, demonstrating that the major fracture zone is at 2500 m of depth with the
temperature around 215 °C and the pressure 220 bar. The grids are constructed in a radially growing
pattern. The model contains 500 grids where the smallest grid is at the injection well with a volume of
0.02 m3. Grids become larger toward production wells. The smaller grids close to the injection
boundary allow capturing the geochemical mixing precisely. The permeability is 7×10-14 m2 similar to
Gebeler fault parameters. The porosity (3 %) used in TOUGHREACT simulations differed from the
reservoir engineering modeling and PHREEQC evaluations where the porosity is fixed to 2%. In
TOUGHREACT, the porosity value had to be readjusted to account for the calculation of reactive
surface areas of the minerals, which is different than the way PHREEQC operates. TOUGHREACT
applies cubic packing approach in a given volume and estimates porosity via packing and converges to
the initial porosity for kinetic evaluations (Xu et al., 2008). This iteration may overestimate the reactive
surface areas of grain sizes and induce larger dissolution. For instance, it was observed in a sensitivity
simulation that calcite was dissolved completely when a porosity of 2 % was used in natural-state
geochemical simulations. Hence, the porosity value is set to 3 % in TOUGHREACT simulations to obtain
consistent results in geochemical reactive transport modeling. The fluid injection rate is set 0.5 kg s-1,
and the injected amount of CO2, which is mixed with brine, is 2 % of the fluid rate that is 0.01 kg s -1.
The mass-out is set equal to the total injection rate as 0.51 kg s-1. These values are adjusted according
to the total injection surface area (i.e. 550 m2) and the injection rate of KD-50A, which is around 50 kg
s-1.

Figure 3-41. 1-D reactive transport model illustration.

The 1-D model allows a faster computation to test different mineral components and their quantities.
First, the models are run for natural chemical equilibrium over 1000 years to understand the
transformation between the minerals with the kinetic rates. In the following step, examination is
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carried out with the injection. The aforementioned mineral contents of the rocks that have been
examined in the previous chapter are used. Several scenarios are developed only by modifying mineral
contents of kaolinite and quartz. The reason is that kaolinite passes through a chain of reactions to
transform to smectite. According to Imasuen et al. (1989), this transform typically passes firstly from
kaolinite to illite and then to smectite, and for this reaction chain additional oxides of Ca, Na, Mg, Fe
and Si are essential and which are abundant in our system. The water chemical components are given
in Table 3-10.
3.3.3.1.2 3-D Sector model
Reactive transport modelling is carried out with a 3-D sector model, as described in section 3.1.1.2
(Figure 3-42). The porosity and permeability values given in Table 3-9 are used in reactive transport
modeling. As explained previously in the 1-D reactive transport model methodology chapter, the
porosity value had to be readjusted for the TOUGHREACT simulation to overcome inconsistencies that
may occur during the convergence calculation of reactive surface areas of minerals and the porosity.
The water chemical boundary conditions are applied on the grids along with the depth of each well,
as given in Table 3-10 Temperatures given in Table 3-10 for the reservoir and the separators indicates
the measured temperatures at reservoir and separator conditions of the wells where the fluid
sampling is carried out by using a condenser-cooler. These temperature values are set in TOUGHREACT
and the simulator re-evaluates the amount of the geochemical species with respect to corresponding
P-T values in the model. The kinetic rates of minerals can be found in Table 3-6. The specific surface
areas and the grain sizes of minerals are reported in Table 3-7. Further details of the chemical
components of the wells and the mineral contents can be found in Table 3-10 and Table 3-11.

Figure 3-42. Illustration of sector model KD-50A and the nearby wells.

Table 3-9. Permeability and porosity values set in TOUGHREACT simulations.
Zone
XY
Z
permeability permeability
(m2)
(m2)
Gebeler fault
7×10-14
7×10-14
-15
Other faults
2×10
2×10-15
-15
The rest of the
1×10
1×10-15
domain

Porosity

0.03
0.03
0.03

Table 3-10. Measured water chemical species of Kızıldere reservoir and after separation.
Primary
Amount, mol kg-1
Species
Injection well
Production wells (Separator)
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Reservoir (187
°C, pH 5.96) *
AlO2BrCa+2
ClFFe+2
H+
HCO3K+
Li+
Mg+2
Mn+2
Na+
NO3SiO2(aq)
SO4-2

8.45х10-4
5.65х10-6
1.96 х10-4
0.002253
9.80 х10-4
6.64х10-7
1.10х10-6
0.1981
3.04х10-8
4.41х10-4
2.58х10-5
7.13х10-7
0.0434
9.67х10-7
0.003629
0.0055

Separator KD50A (94 °C, pH
7.41) *
3.28х10-5
5.01х10-6
1.3х10-4
0.0033
0.0015
4.66х10-7
3.89х10-8
0.0443
0.0043
5.3х10-4
3.78х10-6
7.28х10-7
0.056
1.16х10-6
0.0081
0.0069

KD-2A (176.9
°C, pH 8.26) *

KD-25B (176
°C, pH 7.28) *

KD-23-D (147
°C, pH 7.47) *

KD-83 (178.5 °C,
pH 8.38)*

2.73х10-5
6.25х10-6
8.06 х10-5
0.0032
0.0019
1.07 х10-7
5.49 х10-9
0.0344
0.0035
4.5х10-4
2.46х10-7
7.28 х10-7
0.052
9.67х10-7
0.007
0.0097

5.66х10-5
6.25х10-6
1.43х10-4
0.0029
0.0017
3.40х10-7
5.24х10-8
0.0527
0.0037
6.34 х10-4
2.46 х10-6
7.28 х10-7
0.051
1.93х10-6
0.0079
0.0073

4.81х10-5
6.0х10-6
1.34х10-4
0.003
0.0016
7.16х10-7
3.31х10-8
0.039
0.0041
5.20х10-4
8.23х10-7
7.28х10-7
0.0531
1.29х10-6
0.0083
0.0077

2.86х10-5
5.88х10-6
7.02х10-4
0.0032
0.0014
2.68 х10-7
4.16х10-9
0.0329
0.0037
4.61х10-4
2.05х10-7
7.28х10-7
0.05285
1.40х10-6
0.0084
0.0098

* The measured temperatures where the fluid sampling is carried out by using condenser-cooler.
Table 3-11. Mineral contents of scenarios.
Scenario
Rock type
Scenario 1
Schist

Scenario 2

Schist-marble

Scenario 3

Marble

Primary minerals
Muscovite 35 %, chlorite 20
%, kaolinite 10 %, quartz 5 %,
smectite-Ca 5 %, smectite-Na
5 %, calcite 3 %, pyrophyllite
1%
Calcite 40 %, muscovite 20 %,
chlorite 5 %, kaolinite 5 %,
quartz 5 %, smectite-Ca 5 %,
smectite-Na
5
%
,
pyrophyllite 1 %
Calcite 80, %, dolomite % 5,
quartz 5 %

Secondary minerals
Albite, ankerite, chalcedony,
dolomite,
dawnsonite,
diaspore, hematite, illite,
magnesite
Albite, ankerite, chalcedony,
dolomite,
dawnsonite,
diaspore, hematite, illite,
magnesite
Albite,
hematite,
illite,
chlorite, kaolinite, smectiteCa, smectite-Na

Three rock types are examined with different mineral contents (Table 3-11): schist, a mixture of schistmarble minerals, and only for marble. Firstly, the mineral fractions of these rocks are estimated based
on the existing XRD results and thin section analyses of Karamanderesi and Ölçenoğlu (2005).
Secondly, some arbitrary initial guesses are performed for the fraction of minerals and adjusted with
regard to geochemical equilibrium during the natural state runs. In order to have robust convergence
of the reactive transport modeling, a part of the fraction is kept non-reactive. In addition, the porosity
and changes in porosity due to dissolution and precipitation are included into the total fraction. Three
different scenarios are tested under various injection and production rates for production and
injection wells. The aim of these scenarios is to evaluate the impact of fluid-CO2 mixture on the
different components of rocks with different production rates homogeneously. The scenarios and
their variants are given in Figure 2-53. The examination is carried out in three steps:
i) A 3-D sector model is run over 20,000 years until the pressure, temperature, and partial
pressure of CO2 distribution reach the natural state conditions of the field, as described in
section 3.2.2.2.
ii) After the natural state simulation, the 3-D sector models are further run to evaluate the
reaction kinetics of minerals of three different rock types over an additional 100 years.
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iii) A dynamic model is run with the evaluated P-T results and the determined geochemical
properties.
Table 3-12. Scenarios with production and injection rate variations.
Rock type
Schist

Schist-Marble

Marble

Scenario

Scenario 1

Scenario 2

Scenario 3

Current injection – ultimate production rates
0.015 kg/s CO2 injection - production 80 %
0.015 kg/s CO2 injection - production 60 %

Sc. 1 - Variant 1
Sc. 1 - Variant 2
Sc. 1 - Variant 3

Sc. 2 - Variant 1
Sc. 2 - Variant 2
Sc. 2 - Variant 3

Sc. 3 - Variant 1
Sc. 3 - Variant 2
Sc. 3 - Variant 3

3.3.3.2 Results
3.3.3.2.1 1-D reactive transport model results
The 1-D reactive transport models are run for natural state geochemical equilibrium over 1000 years.
Typically, when the temperature-pressure and the partial pressure of CO2 are stable over time, the
temperature value is 215 °C, and the pressure is at 220 bar. The partial pressure is 85 bar, and the
weight fraction of CO2 is 0.035.

(a)

(b)

(c)
Figure 3-43. The natural state results of schist rock over 1000 years: a) Aqueous primary species; b) Primary minerals; c)
Secondary minerals. Depth is 2500 m, temperature is 215 °C and pressure 220 bar.

In the schist rock system shown in Figure 3-43, the presence of kaolinite and oxide aqueous species
leads to a continuous reaction that transforms into Smectite-Ca (Eqs. 3-6 to 3-8). While kaolinite
dissolves completely, some of the smectite-Ca exchanges ions with Na and forms smectite-Na. The
water-forming carbonic acid HCO3 reacts with the iron Fe2+(aq) and forms iron carbonates siderite and
hematite as the secondary minerals. The released CO2 from this reaction increases pH value. As soon
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as the kaolinite mineral vanishes, the carbonation process of iron accelerates and leads to a sharp
increase in pH value until the system reaches equilibrium. Most likely, the iron ion in the aqueous
phase has a major role in driving the carbonation process. The system reaches equilibrium after 200
years, but the equilibrium of the system likely depends on the existence of kaolinite and quartz
minerals. Garrels and Christ (1965) presents the ideal reactions for transforming kaolinite to smectite
as follows
3AI2Si2O5(OH)4 +2K+ ↔ 2KAl3Si3O10(OH)2 +2H+ + 3H2O [𝑬𝒒. 𝟑 − 𝟔]
7KAI3Si3O10(OH)2+ 12SiO2 + 3Na+ + 4H+ ↔ 3NaAl7Si11O30(OH)6 + 7K+ [𝑬𝒒. 𝟑 − 𝟕]
7AI2Si2O5(OH)4 + 8SiO2 +2Na+ ↔ 2NaAI7Si11O30(OH)6 + 2H+ + 7H2O [𝑬𝒒. 𝟑 − 𝟖]

(a)

(b)

(c)
Figure 3-44. The natural state results of schist-marble rock over 1000 years: a) Aqueous primary species; b) Primary
minerals; c) Secondary minerals. Depth is 2500 m, temperature is 215 °C and pressure 220 bar.

In the schist-marble rock system demonstrated in Figure 3-44, muscovite and calcite minerals are most
dominant in the system. It is evident that the amount of carbonate mineral, calcite in this system, has
a significant role in controlling the speed of the reactions and transformations. It can be seen that the
reaction trends and the amounts of the aqueous species are identical to the previous schist system
shown in Figure 3-43, but the reactions are somewhat slower. Kaolinite dissolves completely after 600
years, whereas the same amount of kaolinite is dissolved after 150 years in the previous system. On
the other hand, the volume fractions of the dominant minerals muscovite and calcite slightly change
and involve only in minor reactions.
The constituent minerals of marble are mainly calcite, dolomite, and quartz (Figure 3-45). The surface
reaction kinetics of quartz is slow to dissolve. The aqueous silica dissolved in the fluid is probably
transported by diffusion from the mineral surfaces to the reaction front to form smectite.
The
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rock undergoes decarbonization/carbonation reactions involving cations such as Fe2+ to form hematite
mineral. The calcite, dolomite, and quartz minerals reach equilibrium in a short time of a period, and
the chemical species do not involve any reaction over the rest of the time.

(a)

(b)

(c)
Figure 3-45. The natural state results of marble rock over 1000 years: a) Aqueous primary species; b) Primary minerals; c)
Secondary minerals. Depth is 2500 m, temperature is 215 °C and pressure 220 bar.

The natural state P-T simulation results and the evaluated geochemical data after 1000 years are set
in the dynamic model. The dynamic model results of the schist can be seen in Figure 3-46 and Figure
3-47. The injection of the fluid begins simultaneously with the extraction in the dynamic model. The
CO2 injection begins after two years of the injection (i.e., the 3 rd year of the operation). The injected
fluid without CO2 changes the mass fraction from 0.035 to zero. As the CO2 injection begins, the
injected mass of CO2 raises the fraction to 0.02. The injection front reaches approximately 200 m away
from the injection after seven years of injection, and the pH gradually increases due to injected fluid’s
pH (i.e., ~7.4). The pressure decreases considerably and reaches to the injection pressure because the
system has no flux boundary condition to recover the pressure drop in the system.
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(a)

(b)

(c)

(d)

Figure 3-46. Schist rock dynamic model results over distance: a) Temperature; b) Pressure; c) Mass fraction of CO 2; d) pH
value.

The injected fluid without CO2 has an impact on the mineral reactions, as can be seen in Figure 3-47.
The injected fluid can be tracked as a wave since the smectite-Na completely dissolves but
supersaturates again due to the CO2 presence in the system. The bicarbonation in the aqueous system
decreases as the injection takes place. The amount of bicarbonate likely affects the hematite and
siderite saturations. Main reactions are mostly the ferrous carbonation and the interactions of the clay
mineral smectite. The porosity decreases in the lower temperature zones due to the supersaturation
of secondary minerals as siderite and hematite. The lower temperature triggers the surface-reaction
kinetics and affects the porosity change, whereas the diffusion rate of silica has a secondary impact
on the clay minerals.
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(a)

(b)

(c)
Figure 3-47. The mineral reaction results of the schist rock over distance: a) The second year of the operation with only fluid
injection; b) The third year in the operation just after CO2 injection begins; c) After seven years of the operation.

The schist-marble rock has identical P-T results, and the evaluations of surface-reaction kinetics are
similar to the aforementioned schist. However, in schist-marble, the carbonization process is stronger
due to the higher volume fraction of calcite and decreases the porosity more than the schist rock
(Figure 3-48).
The amount of calcite in marble is considerably affected by the injection process (Figure 3-49). The pH
rises to 8 over time as the injection continues. Albite, smectite, chlorite, illite, and hematite minerals
are supersaturated as the secondary phase. The equilibrium phases of these minerals change as the
temperature changes over time. The supersaturation of these minerals significantly decreases the
porosity. Close to the injection well, the pores may be plugged entirely after seven years of injection.
The CO2 injection has an adverse impact on marble and may interrupt the injection and production
process.
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(a)

(b)

(c)
Figure 3-48. The mineral reaction results of the schist-marble rock over distance: a) The second year of the operation with
only fluid injection; b) The third year in the operation just after CO 2 injection begins; c) After seven years of the operation.

The 1-D reactive transport results demonstrate that primary surface-reaction kinetics occur due to
temperature changes. The dissolution of SiO2 has a secondary impact on the supersaturation of
secondary mineral phases. The calcite dissolution and other ferrous carbonization also play an
essential role in the porosity changes. The CO2 injection into a marble zone may dissolve the calcite
and the reaction with the ferrous iron to lead to form hematite and siderite. These reactions may
considerably decrease the porosity in the vicinity of the injection well.

(a)

(b)
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(c)

(d)

Figure 3-49. The mineral reaction results of the marble rock over distance: a) pH value; b) The second year of the operation
with only fluid injection; c) The third year in the operation just after CO 2 injection begins; d) After seven years of the
operation.

3.3.3.2.2 Sector model results
The 3-D sector model depicted in Figure 3-42 is used for reactive transport evaluation of minerals.
Based on aforementioned three types of rock, three scenarios are considered. Similarly, each scenario
has three variants based on the injection/production strategy. The mineral contents of each scenario
are shown in Table 3-11, and the variants of scenarios are described in three rock types are examined
with different mineral contents (Table 3-11): schist, a mixture of schist-marble minerals, and only for
marble. Firstly, the mineral fractions of these rocks are estimated based on the existing XRD results
and thin section analyses of Karamanderesi and Ölçenoğlu (2005). Secondly, some arbitrary initial
guesses are performed for the fraction of minerals and adjusted with regard to geochemical
equilibrium during the natural state runs. In order to have robust convergence of the reactive
transport modeling, a part of the fraction is kept non-reactive. In addition, the porosity and changes
in porosity due to dissolution and precipitation are included into the total fraction. Three different
scenarios are tested under various injection and production rates for production and injection wells.
The aim of these scenarios is to evaluate the impact of fluid-CO2 mixture on the different components
of rocks with different production rates homogeneously. The scenarios and their variants are given in
Table 3-12. The examination is carried out in three steps:
i)
A 3-D sector model is run over 20,000 years until the pressure, temperature, and partial
pressure of CO2 distribution reach the natural state conditions of the field, as described in section
3.2.2.2.
ii)
After the natural state simulation, the 3-D sector models are further run to evaluate the
reaction kinetics of minerals of three different rock types over an additional 100 years.
iii)
A dynamic model is run with the evaluated P-T results and the determined geochemical
properties.
The CO2 injection is assumed to be continuous over time. The pressure and temperature changes over
time near KD-50A are identical for all scenarios since the initial porosity, and permeability values are
the same. Therefore, Figure 3-50a demonstrates representative pressure and temperature results for
all scenarios and variants at 2465 m of KD-50A. Note that, KD-50A is used for production for a short
time of period, and later it is transformed to an injection well. Therefore, the pressure decreases from
2015 to late 2018. After the beginning of the injection, the temperature decreases to 100 °C in the
vicinity of the injection well. The mixture of CO2 may cause a further decrease in the fluid temperature
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(~ 97 °C). The amount of injected pure CO2 is 500 tons per year, which is 0.015 kg s-1 and does not have
a significant impact on the injected fluid amount (50 kg s-1). The normalized porosity results of all
scenarios demonstrate that if minerals of the reservoir are mostly silicates (quartz) and phyllosilicates
(e.g., mica, clay), some secondary minerals are precipitated at lower temperatures (100 °C) and
decrease the porosity (scenario 1: schist, scenario 2: schist-marble). If the dominant minerals are
mostly carbonate such as in scenario 3: marble, the minerals, particularly calcite, dissolve and increase
the porosity at 100 °C.

(a)

(b)

Figure 3-50. Common results of KD-50A at 2465 m of depth for all scenarios: a) Identical pressure and temperature results
of all scenarios; b) Normalized porosity (a value lower than 1 indicates the decrease in porosity, a value higher than 1
denotes the increase in porosity).

(a)

(b)
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(c)
Figure 3-51. The results of Scenario 1 - Variant 2 at 2465 m of depth for KD-50A over time: a) The aqueous primary species;
b) Primary minerals; c) Secondary minerals.

Mineral alteration and the evaluation of aqueous species are demonstrated at 2465 m of KD-50A over
time (Figure 3-51 to Figure 3-53). From each scenario, only the variant-2 is chosen as the illustrative
result, since variant-2 represents both the fluid-CO2 mixture injection and the higher production rates
of the other surrounding wells. In addition, the reactive transport results do not significantly differ
from each other variants in each scenario. Scenario 1, shown in Figure 3-51, presents the reactive
transport of schist minerals. As the injection begins, pH increases from 5.8 to 7.1 (Figure 3-51a) and
the amount of aqueous species Al, Fe2+ and particularly HCO3 (0.1 to 0.04 mol kg-1) sharply decrease
as they react to form some minerals. Significant decrease in the aqueous bicarbonate is due to the
replacement of the injection fluid, which has a lower amount of bicarbonate. Decrease in aqueous
bicarbonate also leads to an increase in surface-kinetic reactions. As the injection starts, the
supersaturation of albite dominantly accelerates (0.01 to 0.02 volume fraction), and the volume
fraction of some other minerals minorly increase (quartz, smectite-Na, muscovite, illite, chalcedony).
This leads to a porosity decrease in the regions with lower temperatures. There are two major factors
on the accelerations of the precipitation, the first is the injected fluid chemical components, and the
second is the injected fluid temperature. The injected CO2 has a minor impact on mineral reactions.

(a)

(b)

(c)
Figure 3-52. The results of Scenario 2 - Variant 2 at 2465 m of depth for KD-50A over time: a) The aqueous primary species;
b) Primary minerals; c) Secondary minerals.
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Scenario 2 describes schist-marble minerals, and Figure 3-52 demonstrates the reactive transport
results at 2460 m of KD-50A. The reaction trends of minerals and the changes in the amount of
aqueous species are similar to scenario 1. The major difference between scenario 1 and scenario 2 is
the volume fraction of calcite, which is 3 % in scenario 1 and 40 % in scenario 2. Ankerite is not
observed as secondary mineral in scenario 2. The reason can be attributed to the hematite
precipitation which suppressed the Fe-bearing ankerite. The porosity decrease is slightly lower in
scenario 2 (normalized porosity decreases from 1 to 0.83) compared to scenario 1 (normalized porosity
decreases from 1 to 0.81). The higher volume of calcite in scenario 2 has an impact on the equilibrium
of the system.
In scenario 3 where marble is dominant (Figure 3-53), the increase in pH is relatively larger than that
of scenario 1 and scenario 2 (pH 7.1). In addition, initial pH in scenario 3 (6.2) is larger compared to
that of scenario 1 and scenario 2 (5.8). After 100 years of natural state equilibrium, the amount of
aqueous species in scenario 3 has considerably differed from the two other scenarios. For instance,
the amount of HCO3 in scenario 1 and 2 is approximately 0.1 mol kg-1 after 100 years in the natural
state, and as the injection begins, the amount of bicarbonate decreases to 0.04 mol kg-1. However, the
amount of HCO3 in scenario 3 is 0.02 mol kg-1 in the natural state and increases to 0.04 mol kg-1 as the
injection starts. This shows that in a calcite dominated system (scenario 3: marble), the trapped CO2
in the aqueous bicarbonates is lower than silicate dominated rock types. Most of the aqueous CO 2 is
trapped in solid minerals of marble. Therefore, the pH value is likely to be higher in the marble than
that of the silicate-based rocks. On the other hand, as the injection begins, primary minerals in marble
do not involve in any considerable reaction chain and do not majorly alter any secondary phase. There
is a slight porosity decrease due to ferrous carbonatization in the vicinity of the injection well, KD-50A
due to the lower temperature (Figure 3-45, 1-D model results).

(a)

(b)

Figure 3-53. The results of scenario 3 - Variant 2 at 2465 m of depth for KD-50A over time: a) The aqueous primary species;
b) Primary minerals.

In Figure 3-54 to Figure 3-57, the results of changing mineralogy toward the production well KD-23-D
are given over distance. The average distance is around 470 m, and the depth ranges between 2320
m (KD-23-D) and 2390 m (KD-50A). In Figure 3-54, the pressure, temperature, pH, and CO2 mass
fraction results are shown only for scenario 1. The changes are identical at the initial state and in 2019
for all variants. Since the changes become more significant after the injection in 2019, all three variants
are plotted for 2029. The pressure between KD-50A to KD-23-D decreases in variant 1 to 3 as the
production rates are decreased from the current rate to 80 % and 60 %, respectively. Since the injected
fluid (2017) and the fluid-CO2 mixture (2021) has a lower fraction of CO2 than of the reservoir, the CO2
mass fraction gradually increases toward the production well, KD-23-D (Figure 3-54b). As the
production rate is further reduced, the mass fraction of CO2 decreases over distance as the injected
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fluid front advances faster and changes the aqueous CO2 trapping reaction as HCO3. The temperature
change over distance is identical for all three variants after 2019 (Figure 3-54d).
In scenario 1, the porosity decreases close to the injection well, KD-50A, which is due to the
supersaturation of second phase albite, illite, and chalcedony minerals. At the beginning of fluid
injection, secondary ankerite mineral forms (Figure 3-55a), but as the fluid-CO2 mixture injection
begins, ankerite dissolves completely (Figure 3-55b). The injected mixture moves approximately 300
m toward the KD-23-D as it can be tracked from the changes in the amount of Na+ (Figure 3-55c-d).
In scenario 2, calcite is a primary mineral with 40 % of volume fraction which is more than ten times
larger than Scenario 1 (calcite 3 %), but ankerite is not observed as the secondary minerals (Figure
3-56). In most of the CO2 injection cases in sandstone and carbonates, ankerite precipitations can be
expected, but other forming minerals such as siderite and pyrite can suppress the ankerite
precipitation (Zhang et al., 2011). The reaction paths are similar to scenario 1, and the decrease in the
porosity close to the injection well is likely to be controlled by the silicate minerals.
In scenario 3, the primary minerals do not involve in significant dissolution and deposition (Figure
3-57). However, significant changes in the number of aqueous species demonstrate that most of the
reactions occur between the aqueous solutions. Small amount of hematite supersaturation can be
seen both in the vicinity of the injection well and the production well. This is likely due to the advectivediffusive reactions, which are concentrated around the wells.

(a)

(b)

(c)

(d)

Figure 3-54. Scenario 1 comparison all variants over distance from KD-50A to KD-23-D: a) Pressure; b) The mass fraction of
CO2 (liq); c) The pH value; d) Temperature.
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(a)

(b)

(c)

(d)

(e)
Figure 3-55. Scenario 1 (schist) - Variant 2 over distance from KD-50A to KD-23-D: a) Mineral phases at the year 2019; b)
Mineral phases at the year 2029; c) The primary aqueous species at the year 2019; d) The primary aqueous species at the
year 2029; e) The normalized porosity.
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(a)

(b)

(c)

(d)

(e)
Figure 3-56. Scenario 2 (schist-marble) - Variant 2 over distance from KD-50A to KD-23-D: a) Mineral phases at the year
2019; b) Mineral phases at the year 2029; c) The primary aqueous species at the year 2019; d) The primary aqueous species
at the year 2029; e) The normalized porosity.
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(a)

(b)

(c)

(d)

(e)
Figure 3-57. Scenario 3 (marble) - Variant 2 over distance from KD-50A to KD-23-D: a) Mineral phases at the year 2019; b)
Mineral phases at the year 2029; c) The primary aqueous species at the year 2019; d) The primary aqueous species at the
year 2029; e) The normalized porosity.

KD-25B begins to produce earlier than KD-23B; therefore, the pressure decreases, and the CO2 mass
fraction is lower in the reservoir level compared to the KD-23B (Figure 3-58a-b). The average distance
from KD-50A to KD-25B is around 390 m, and the depth is between 2380 m (KD-25B) and 2390 m (KD50A). After 10 years, CO2, pH, and temperature trends are similar to the profiles seen toward the well
KD-23-D (Figure 3-54). The pH value increases in time, and over depth originated from the injection
well. The pH change is mostly driven by the injected fluid.
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(a)

(b)

(c)

(d)

Figure 3-58. Scenario 1 comparison all variants over distance from KD-50A to KD-25B: a) Pressure; b) The mass fraction of
CO2 (liq); c) The pH value; d) Temperature.

In scenario 1 (Figure 3-59), albite, ankerite, and hematite precipitate as secondary minerals. Albite and
hematite precipitation close to the injection well causes the porosity to decrease. Due to
computational difficulties with ferrous carbonate, siderite is removed from the sector model.
However, in the 1-D reactive transport models, siderite mineral precipitations are observed (Figure
3-43). Therefore, the siderite precipitation in reservoir can be expected.
In scenario 2, where schist-marble is considered (Figure 3-60), the volume fraction of smectite-Na
increases particularly close to the injection well. Even though initial values of smectite-Ca and
smectite-Na are identical (i.e., 5 %), during the natural state, large amount of smectite-Na is
transformed to smectite-Ca, and the volume fraction of smectite-Ca increases to nearly 10 %. The upand-down changes in trends over distance are probably due to the injected fluid front effect leading
to different supersaturation rate. On the other hand, secondary mineral hematite does not exhibit any
transition in time and consistently precipitates the same amount over distance.
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(a)

(b)

(c)

(d)

(e)
Figure 3-59. Scenario 1 (schist) - Variant 2 over distance from KD-50A to KD-25B: a) Mineral phases at the year 2019; b)
Mineral phases at the year 2029; c) The primary aqueous species at the year 2019; d) The primary aqueous species at the
year 2029; e) The normalized porosity.
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(a)

(b)

(c)

(d)

(e)
Figure 3-60. Scenario 2 (schist-marble) - Variant 2 over distance from KD-50A to KD-25B: a) Mineral phases at the year
2019; b) Mineral phases at the year 2029; c) The primary aqueous species at the year 2019; d) The primary aqueous species
at the year 2029; e) The normalized porosity.

In scenario 3 where marble is considered, the amount of Ca2+, Mg2+, K+, and Fe2+ ions decrease in the
middle of the pathway, as the injected fluid-CO2 mixture moves toward the well KD-25B (Figure 3-61).
This behavior can be accounted for the ionic trapping of the CO2 with those ions, mostly forming
carbonate complexes. The porosity slightly increases close to the injection well due to the dissolution
of calcite at a lower temperature (100 °C).
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(a)

(b)

(c)

(d)

(e)
Figure 3-61. Scenario 3 (marble) - Variant 2 over distance from KD-50A to KD-25B: a) Mineral phases at the year 2019; b)
Mineral phases at the year 2029; c) The primary aqueous species at the year 2019; d) The primary aqueous species at the
year 2029; e) The normalized porosity.

3.3.3.3 Summary
Geochemical mixing and the interaction between the injected fluid-CO2 and rock in terms of reactive
transport mineral alteration were analyzed. The chemical species of geothermal fluid were
determined from the samples taken from the wells and the separators. The geochemical mixing
between the geothermal fluid and CO2 were evaluated with the PHREEQC program. In addition to
geochemical modelling, a 3-D reactive transport model was constructed employing the TOUGHREACT
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program for a potential operation of fluid-CO2 injection into deep metamorphic rocks of the Kızıldere
geothermal field.
Impact of several parameters such as grain size and specific surface area of minerals and volume
fractions of minerals were assessed. Several statistical methods were used to estimate the
specific/reactive surface areas of minerals, which are used in reactive transport modelling.
Consequently, most of the measurements and theoretical approaches are often based on average
grain size and typically ad hoc. Therefore, a range of approximations can be developed or used based
on measurable data.
The solubility of CO2 into the geothermal fluid was of importance because it affects the reactivity of
CO2 with surrounding rocks. According to the reactive transport modelling results, the dissolved CO 2
reacts faster through carbonate rock minerals such as calcite and iron carbonate and become
neutralized by forming bicarbonate or carbonate ions. In other words, dissolution and precipitation of
minerals can be expected, particularly, in marble formations. The magnitude of dissolution and
precipitation of minerals depend on the injected amount of CO2.
The fluid-CO2 mixture acts as a weak acid and reacts with the sodium and potassium basic silicate
minerals such as feldspars and clay minerals. These reactions with silicates and aluminosilicates have
considerably slow kinetics compared to the carbonate minerals. In addition to the numerical
evaluations, the geological examinations carried out in the Kızıldere reservoir suggest that
permeability is considerably low in the schist formations, and the fluid flow mostly takes place through
the fractured marble and quartzite formations. The dissociated ions such as Mg2+ K+ and Fe2+
originated from schist minerals may trigger carbonate precipitation through these fracture zones. This
is examined in 1-D model scenarios in section 3.3.3.2.1.

3.4 The conceptual model for the injection of the gas mixture
Conceptual models have been used to depict the behavior of particular processes in a reservoir or
surface systems. The following tasks can be conceptualized for a geothermal system as
•

To understand specific problems in selected sectors of reservoirs.

•

To analyze and optimize production or injection mechanism.

•

To evaluate the impacts of changing input parameters during numerical wellbore or reservoir
modelling.
To assess risks during injection or production processes before making decisions.
The objective of this study is to describe the viability of CO2 - brine injection process in the Kızıldere
geothermal field and to assess the impact of injection constraints. A conceptual model is created based
on numerical reservoir modelling, geochemical analyses, and observations in the geothermal field.
The conceptual model considers:
i)
The CO2 that will be mixed with bypass pond water and power plant effluent brine at the
surface prior to injection into the reservoir,
ii)
The CO2 charged geothermal brine that will flow and mix with the reservoir fluid during
injection and interact with the rock minerals.
The conceptual model demonstrates the brine - CO2 injection front from KD-50A into the metamorphic
rocks of the Kızıldere reservoir, which consists of quartzite, marble, and mica-schist interlayers (Figure
3-62). The bypass pond water and effluent brine mixture will be co-injected into KD-50A at a rate of
200 ton/h with CO2, which will dissolve at the surface prior to injection. Effluent brine collected from
the separation units of the geothermal power plant has already been injected into the deep reservoir.
The excess condensed steam in cooling towers is discharged to the bypass pond at the power plant.
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In the framework of the GECO project, the CO2 injection will take place for six months with a weight
fraction of 0.11 % (0.06 kg/s and a total 950 ton of CO2 in 6 months). Monitoring studies will be
conducted at several production wells including KD-2A, KD-83, KD-23B, KD-23-D, KD-29, KD-25B, and
KD-64.

Figure 3-62. Conceptual model of the CO2 injection site at Kızıldere, showing the infrastructure and the geological crosssection of the GECO injection site.

3.5 Conclusions
The following studies have been carried out in the Kızıldere geothermal field. First, a geological model,
which is based on the information gathered from field observations, geological and geophysical
surveys, and data obtained from drilled wells was constructed. A full-field geological model and a
sector model where detailed segmented zone structure around the pilot injection well were created
using Petrel. The objective of these models was to show critical stratigraphic horizons and major faults
in the Kızıldere geothermal field and to implement these geological structures in TOUGH and
TOUGHREACT models, which were used in the modeling studies. 3-D reservoir modelling simulations
were carried out with TOUGH to calibrate temperature-pressure gradients and initial weight fraction
of CO2 in the produced stream by fitting available static measurements from the wells. In order to have
a better understanding of the permeabilities in the geothermal field, mud-loss data of the wells were
used to estimate the fracture properties.
In the Kızıldere geothermal field, injection of CO2 will be primarily adjusted to its emission. Therefore,
in the framework of the GECO project, the injection will take place only for six months with a weight
fraction of 0.11 % (0.06 kg s-1 and in total 950 ton of CO2 in 6 months). In order to evaluate the long170
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term effect of the CO2 injection in the reservoir, the amount of injected CO2 is set to 500 ton/yr (i.e.,
0.015 kg s-1), which is 0.03 % weight of the injected fluid (i.e., 50 kg s-1). The reservoir modelling results
demonstrate that after 13 years of the continuous injection from KD-50A, the injected CO2 reaches to
KD-25B and KD-23-D. The injection ratio of CO2 is lower (around 3×10-4) than that of the reservoir level
(between 2 % and 3 %). The results indicate that the injected fluid-CO2 mixture will decrease the
amount of extracted CO2 from the production wells over time due to lower amount of injected CO2.
Finally, geochemical mixing and the interaction between the injected brine-CO2 and rock in terms of
reactive transport mineral alteration were analyzed. The chemical species of geothermal fluid were
determined from the samples collected from the wells and the separators. The geochemical mixing
between the geothermal fluid and CO2 were evaluated with PHREEQC. Numerical batch reactions were
carried out between chemical species of geothermal fluid and CO2 to find out hydrothermal equilibria
between minerals. Furthermore, the impact of several parameters such as grain size and specific
surface area of minerals and volume fractions of minerals were assessed. Several statistical methods
were used to estimate the specific/reactive surface areas of minerals, which are used in reactive
transport modelling. Currently, there is not any universally accepted method for determining average
mineral specific/reactive surface areas, and most of the measurements and theoretical approaches
are typically ad hoc. They are often based on average grain size. Consequently, a range of
approximations can be developed or used based on measurable data.
In addition to geochemical modelling, a 3-D reactive transport model was constructed employing
TOUGHREACT for brine-CO2 injection into deep metamorphic formation rocks of the Kızıldere
geothermal field. Moreover, fast converging 1-D reactive transport models were used to test different
mineral contents and their interactions with CO2-geothermal brine in order to improve understanding
of the reaction flow paths in the vicinity of the injection well. The solubility of CO2 into the geothermal
fluid was of importance because it affects the reactivity of CO2 with surrounding rocks. According to
the reactive transport modelling results, the dissolved CO2 reacts faster through carbonate rock
minerals such as calcite and iron carbonate and become neutralized by forming bicarbonate or
carbonate ions. In other words, the dissolved CO2 can be sequestrated faster in marble formations,
which could lead to plugging in a geothermal system. The fluid-CO2 mixture acts as a weak acid and
reacts with the sodium and potassium basic silicate minerals such as feldspars and clay minerals. These
reactions with silicates and aluminosilicates have considerably slow kinetics compared to the
carbonate minerals. In addition to the numerical evaluations, geological examinations carried out
suggest that permeability is considerably low in the schist formations, and the fluid flow mostly takes
place through the fractured marble and quartzite formations. The dissociated ions such as Mg 2+, K+
and Fe2+ originated from schist minerals may trigger carbonate precipitation through fracture zones
(section 3.3.3.2.1, 1-D reactive transport simulations).
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4. ITALY DEMO SITE
The Italian GECO demonstration site is “Castelnuovo pilot project”, located in the north-eastern side
of the Larderello Travale Geothermal Field (hereinafter LTGF) (Figure 4-1).
“Castelnuovo” is a zero emissions geothermal power plant which will apply innovative solutions for
the total re-entry of the produced geothermal fluid in the same geological formations of origin with
no steam and gas emissions into the atmosphere. This project one of the pilot projects promoted by
Italian Government with Legislative Decree 11 February 2010, no. 22.
The LTGF hosts a deep-seated high-temperature resource that Graziella Green Power and Storengy
plan to exploit for producing electrical power without releasing non-condensable gases (NCGs) into
the atmosphere. The geothermal fluid will be extracted from two production wells and reinjected in
the reservoir by mean of one reinjection well. The zero emissions ORC (Organic Rankine Cycle) power
plant will have a capacity of 5MWe.

Figure 4-1. Location of the Castelnuovo and Mensano (Qualtra) permit areas. Red and green boundary show the regional
and local model boundaries, respectively. The orange border is the Castelnuovo research permit, nowadays under review
by the Italian Ministry in charge, while the magenta border is the Mensano exploration permit. The red circle is the location
of the Sesta 6bis deep borehole. In the top right picture, the yellow area shows the location of the Qualtra boreholes in the
Mensano permit (the three orange points are the locations of the Castelnuovo well bottoms).
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For the geological assessment of the Castelnuovo demo site an integrated methodology was designed
and applied to obtain the most reliable and accurate evaluation of the site. Geological, reservoir and
chemical reactive modelling were performed using field, laboratory data and observations (i.e.,
structural geology, geophysics, geochemistry surveys). Moreover, we adopted a double scale
approach where a regional, large scale (i.e., 25 x 37 km) geological model was built to provide
constrains to local, smaller and detailed, reservoir models. The regional 3-D geological model includes
the main structures of the area and provides the geometries required at local scale (spacing of about
12 x 16 km), to compute the thermal steady state of the rock volume and then reinjection simulations
into the reservoir and fluids-rocks interaction during the reinjection.
The assessment was conducted in a teamwork gathering colleagues from different project partners
(CNR, GGP/MEI and Storengy). For this aim, data and knowledge acquisition, modelling and validation
tasks were carried out in an iterative loop. Once new data or knowledge became available, it was input
in a new loop until the updated models were double checked by the involved partners.
The Castelnuovo development project foresee to use the geothermal fluids hosted in the metamorphic
reservoir at a depth ranging from 3000 to 3500 m below the ground level (b.g.l.). Since the reinjection
of the fluids is envisaged in the same geological formation of origin, we focused the different modelling
approaches on this geological target as described in the following sections.
An alternative scenario was also considered as “Plan B” in case the authorization process of
Castelnuovo had not been completed in time for the development of the GECO project. This
alternative scenario concerns the Mensano permit and is located close to the Castelnuovo permit, see
Figure 4-1. The exploitation of the Mensano area is planned with Qualtra project which includes three
production wells and two reinjection wells.
The following chapters present the different modelling types and approaches, the methodologies that
were carried out, the data and results of the data integration processes, which drove to an
interpretation of the geothermal systems at Castelnuovo-Mensano (Qualtra) for the reinjection of CO2.

4.1 Geological modelling
4.1.1 Geological setting and geothermal implication
The investigated area is located in the internal sector of the Northern Apennines fold-and-thrust belt.
The geological and structural setting is the result of a complex polyphase tectonic history. During
Oligocene-Early Miocene, the Adria microplate of African pertinence, collided with the European
Corsica-Sardinia massif (Boccaletti et al., 1971), determining high-pressure/low-temperature (HP/LT)
metamorphism and eastwards stacking of tectonic units, deriving from the oceanic and continental
paleogeographic domains of the Northern Apennines (e.g. Molli, 2008). From the top, the units are
(Carmignani et al., 1994): (a) the Ligurian units, derived from the Ligurian-Piedmont domain, and
consisting of remnants of Jurassic oceanic crust (ophiolites) and its late Jurassic-Cretaceous, mainly
shaly, sedimentary cover mostly composed of shales and limestones; (b) the Sub-Ligurian units (SubLigurian domain), made up of Cretaceous-Oligocene shales, marly limestones and turbidites; (c) the
Tuscan nappe (Tuscan domain), made up of, from bottom to top: Late Triassic evaporites, JurassicEarly Cretaceous carbonate succession, Early Cretaceous-Oligocene shales and, finally a Late
Oligocene-Early Miocene arenaceous flysch. The basement of the Tuscan domain consists of
metamorphic rocks, mainly formed by Paleozoic-Mesozoic quartzite, phyllites and occasionally
metacarbonate units. These units were involved in a duplex system during the collisional event, which
doubled the Tuscan nappe, the Verrucano group (Triassic phyllites and quartzite) and, partially, the
Paleozoic group (Devonian(?)-Permian phyllite, quartzite and metacarbonate), giving rise to a tectonic
wedge complex (middle panel in Figure 4-2). Well logs and their spatial distribution suggest that
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continental collision involved a paleogeographic system in which a structural high of Palaeozoic
basement separated two areas of continental deposition (Verrucano). This reconstruction is
schematically illustrated in the top panel of Figure 4-2. This evolution gave rise to HP-LT
metemorphism (up to 1.5 GPa, 420 °C).
Such an articulated paleogeographic setting has resulted in a marked variability in the tectonic stacking
geometry of the tectonic wedge complex (hereinafter TWC), which involved and superposed different
units depending on the local stratigraphy. On this basis, we have identified two main kinds of TWC,
specifically (1) TWC mainly involving the Paleozoic phyllite, and (2) TWC mainly involving the Triassic
Verrucano (bottom panel of Figure 4-2).

Figure 4-2. Tectonic reconstruction before (top picture) and during continental collision (middle and bottom pictures). The
existence of structural high of the basement produced different Verrucano Group deposition. Continental collision and
duplex formation produced different geometries of the tectonic wedge complex, which have been schematically reported
in the lower picture on the basis of boreholes data.

Subsequent continental extension affected such an over-thickened orogen, producing crustal thinning
and tectonic delamination, within the previously overthickened crust. This event, started in the EarlyMiddle Miocene (Carmignani et al., 1994), gave rise, in the study area, the direct juxtaposition of the
Ligurian units, the uppermost tectonic units of the tectonic pile, onto deeper rock units represented
by the Late Triassic evaporite level (Burano formation) and/or the underlying metamorphic units (i.e.,
the so-called “Serie Ridotta”). In an alternative model, a moderate phase of continental shortening
interrupted the extension during Late Miocene (Bonini et al., 2014). The most recent evolution of the
study region (approximately Early Pliocene-Quaternary) is mostly related to high-angle normal faults
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and strike-slip faults, which controlled the emplacement of subsurface plutons, including the buried
Larderello pluton (e.g. Brogi et al., 2005; Dini et al., 2008; Sani et al., 2016; Minetto et al., 2020; Brogi
and Liotta, 2020).
The new geological and structural analysis carried out in the study region has revealed the occurrence
of NE-ENE-striking mainly left-lateral strike- to oblique slip fault segments defining a wide shear zones
characterizing the main deformation pattern. These shear zones display variable width and length,
interacting with the NW-SE striking normal faults and antiforms of regional extent, the latter
representing potential traps for geothermal fluids. The flow of geothermal fluids would exploit the
secondary permeability of antiforms, normal faults and NE striking shear zones, so that the 3-D fluid
flow pattern would thus result from interactions among these structural elements (Trumpy et al.
2020). More details can be found in the GECO D2.1 (Weisenberger et al., 2020), where a detailed
description of the new geological data is reported.
The Castelnuovo demo site falls in the area of the LTGF. In the LTGF, two main geothermal reservoirs
exist: the “shallow reservoir” hosted in the Late Triassic evaporite and Triassic-Jurassic carbonate units
of the Tuscan nappe (about 0.7 - 1.0 km b.g.l. on average and with temperature ranging from 150 to
260 °C) and the “deep reservoir” hosted in the metamorphic units (mainly phyllite), Neogene
granitoids and their thermos-metamorphic aureoles (about 2.5 - 4.0 km b.g.l. and with temperature
ranging from 300 to 350 °C) (Bertani et al., 2005; Romagnoli et al., 2010). Fluids dominantly of meteoric
origin at vapor phase, circulate in both reservoirs (Celati et al., 1991). The meteoric recharge occurs
through the exposed carbonate units; besides a lateral input from the regional aquifers is also
assumed, presumably induced by the current exploitation process (Romagnoli et al., 2010; Celati et
al., 1991; Gola et al., 2017).

4.1.2 Methodology
4.1.2.1 Geomodelling
Correct interpretation of subsurface structures, properties and simulation models in the exploration
workflow is critically dependent on the capability of a 3-D visualization and on the consistency with
the 3-D structural and compositional interpretation (Houlding, 1994; Mallet, 2002; Wu, 2005). In the
past decade significant advancement has been made in the development of 3-D mapping, visualization
and modelling for geothermal purposes (Cloetingh et al., 2010; Calcagno, 2014). Multidisciplinary
integration was a key factor for a robust and coherent knowledge of the area that was investigated.
Associating data in a classic workflow methodology satisfies the forecasted objective to combine
multi-discipline contributions. However, such a workflow makes collaborative scientific reasoning
challenging because fields are used sequentially and individually. The GECO project went a step
beyond by developing the contributions from the various disciplines together in a single 3-D
integration platform (Figure 4-3) instead of simply aggregating independent results (Calcagno, 2015).
For instance, in this way, the geological interpretation benefits from the geophysical interpretation
and vice versa. The geomodels constructed in GECO are not the final result of a sequential weakly
connected integration but a central tool of a cooperative interpretation process.
Consequently, an important pillar of the GECO ambition was to develop coherent, comprehensive, and
reliable 3-D geomodels to: (a) gather and place data and information from various disciplines, (b) serve
as reference for further computations and simulations, (c) help to understand the geothermal systems.
The geological models are built in the 3-D GeoModeller package. To construct the geometry of the 3D geomodels an interpolation of data is performed by using a co-kriging geostatistical method. The 3D points that define the geological interface and the 3-D vectors showing the dip of the same interface
are used at the same time (Lajaunie et al., 1997). The geological interfaces are represented as isovalues of a 3-D scalar potential obtained with the interpolation of the points above mentioned. The
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chronological and topological relations among the geological formations are represented by a
geological pile, which allows the gradual or erosion management of the geological boundaries. To
automatically compute how faults affect the formations, links between faults and formations are setup. Moreover, the faults are combined each other on the basis of their relation to describe the existing
faults network (Calcagno et al., 2008).

Figure 4-3. Example of the integrated platform as a common thread enhancing the cooperation and the interaction of the
scientific fields applied. The final model is a co-directed, mutual, shared, and robust interpretation. The methods illustrated
here are examples usually involved in geothermal exploration (taken from Calcagno, 2015).

4.1.2.2 Way of working
Usually, a geomodel cannot be properly constructed by a single person, as such work not only relies
on the merging of data, but also on integrating multiple knowledge sources and interpretations.
A loop was established through three main steps under the supervision of a referent geologist and a
referent geophysicist: (i) data & knowledge, (ii) modelling, (iii) validation. The shapes of the models
were discussed at the team level. Then, revised data and knowledge was input in a new loop until the
models were fully validated by the partners.
Team members included volcanologists, structural geologists, geophysicists and modelers.
In order to render the collaborative process as efficient as possible, in person (up to March 2020) and
virtually meetings (since March 2020 because of COVID-19) were organized on a regular base to allow
the best communication and data integration among the scientists; moreover, foreign colleagues were
invited to join virtually the meetings. In these occasions the scientists could compare, discuss and
adapt their own interpretations for a mutual result. With this strategy a more robust and reliable
interpretation was guaranteed, improving the comprehension of the underground of the study area.
The collaboration was a two-ways process. On the one hand, as described above, the interaction
between partners allowed to set up and refine the geomodels. On the other hand, GECO partners used
the geomodels versions at different stages of their evolution to feed their own work and produce their
results.
4.1.2.3 Data
To perform 3-D geomodels for Castelnuovo-Mensano (Qualtra), different datasets were imported into
the GeoModeller software package. The datasets were prepared in suitable formats to be included in
the modelling software. Beside the digital elevation model (DEM) of the study area, the main
geological datasets were used in first place, e.g.: i) a geological map; ii) a vector file with the main
faults; iii) some interpreted geological cross-sections and iv) the litho-stratigraphic logs of the deep
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boreholes drilled in the area. Geophysical datasets were then embedded to constrain and refine the
geomodel. In particular, three partially overlapped 3-D geophysical models referred to the resistivity,
density and magnetization petrophysical properties were used. For Castelnuovo-Mensano (Qualtra)
no seismic data were available, see Table 4-1 for details.
The 3-D density model is provided as differential density (Δρ, g/cm3) with respect to the Bouguer
density of 2.67 g/cm3. The 3-D resistivity model from MT is provided as linear values of resistivity (Ωm)
(Montegrossi et al., 2020). The 3-D magnetic susceptibility model represents the magnetic
susceptibility of the rocks as TMI daily corrected (nT).

Integrated geomodel

First geomodel

Table 4-1. List of datasets used for the construction of the Castelnuovo – Mensano (Qualtra) geomodels. In the table is
specify which data were used for the first geomodel as well as the additional data for the integrated geomodel. Moreover,
the source of data is specified.
Used
Data
Reference
for
DEM
Regione Toscana, Geoscopio
(http://www502.regione.toscana.it/geoscopio/cartoteca.html)
Geological maps
➢ Regione
Toscana,
Geological
map
at
1:
10,000
scale
(http://www502.regione.toscana.it/geoscopio/geologia.html)
➢ CARG, Geological map at 1: 50,000 scale
➢ (https://www.isprambiente.gov.it/Media/carg/toscana.html, sheets # 295, 296,
306)
➢ Local geological map at 1:10,000 scale of the Mensano permit exploration
Geological crossGeological Map CARG 1: 50,000
sections
(http://159.213.57.101/geologia/map.phtml?winsize=medium&
language=it&config=cartstorica)
Faults system
GECO Geologists team, field works; GECO D2.1 Weisenberger et al. 2020
network
Deep Boreholes
National Geothermal DataBase (BDNG), Trumpy and Manzella 2017
Litho-stratigraphy
Shallow
National Archive of substratum investigations (L.464/84) ISPRA
Boreholes Litho(https://www.isprambiente.gov.it/en/databases/data-base-collection/soil-andstratigraphy
territory/geognostic-and-geophysical-data)
3-D density
Magma Energy, Gravity and Magnetic surveys. Mensano Permit. NS. PROT.
model
000050/2013 , 3-D dataset (confidential)
3-D
Magma Energy, Gravity and Magnetic surveys. Mensano Permit. NS. PROT.
Magnetization
000050/2013, 3-D dataset (confidential)
model
3-D resistivity
GECO D2.2 Montegrossi et al., 2020
model
Results from
GEMex D5.12 ‘Report on implementation and validation protocol for EGS and SHGS’
Cluster analysis
CO2 natural flux
GECO D2.5 (Einarsson et al., 2020)
measurements
Geochemistry
Internal discussion with Lelli, M. (CNR)
consideration

4.1.2.3.1 Borehole information
The LTGF area, in which the Castelnuovo-Mensano (Qualtra) sites are located, has been drilled in the
past for geothermal exploration and production. A large amount of underground information was
collected by the end of ‘80s in the so called Italian National Geothermal Inventory carried out by a
joint venture including the National Research Council of Italy (CNR), the Italian National Agency for
new Technologies, Energy and Sustainable Economic Development (ENEA), the National Agency for
Elecricity (ENEL) and National Body for Hydrocarbon (ENI). All the collected information from
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boreholes and thermal manifestations were organized in the National Geothermal Database (BDNG)
and continuously updated up to now (Trumpy and Manzella, 2017).

Figure 4-4. Litho-stratigraphic description of the Sesta 6bis borehole. The column on the right represents how the different
geological levels were grouped out for the 3-D geomodels.

For the GECO project, a subset of the BDNG was selected on the basis of the location of the study area.
Within the regional area more than 500 boreholes could be selected, although with an inhomogeneous
distribution. The south-western part of the regional model area was well covered, somewhere with
dense clusters of boreholes, but no boreholes are present in the north-eastern study area.
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A further boreholes selection was then performed, including only boreholes with deep information, in
order to set-up the 3-D geological modelling with data regarding the lithologies considered in the
model (see the next section). To have as much as possible a regular distribution of the boreholes we
used a 2 x 2 km regular grid to choose the borehole that better met the aforementioned criteria.
As result, about 70 boreholes were selected and used in the 3-D Geomodeller software package, after
checking their elevation in comparison to the chosen DEM for the geological model.
The litho-stratigraphic information from the 70 boreholes was then analyzed in order to group out the
different geological levels in the defined group of rocks (see Table 4-2 for the defined groups). As
example, in Figure 4-4 the Sesta 6bis log is reported.
Although the north-eastern sector of the regional model was not covered by boreholes from the
BNDG, some information, extracted from the National Archive of substratum investigations (L.464/84)
and managed by Italian Institute for Environmental Protection and Research (ISPRA) were considered
and included into the geological model. Despite of shallow boreholes could not provide information
on the deep levels, thanks to the specific local geological setting of this part of the studied area, they
helped to constrain at least the top of the shallow reservoir (Table 4-2). The north-eastern part of the
study area is characterized by a structural high, the so called “Montagnola Senese” (Brogi et al., 2005),
where the deepest structural and geological levels reach shallow crustal levels or even crop out. For
these reasons some of these shallow boreholes have been selected and used in the 3-D geological
model Figure 4-5.

Figure 4-5. Map of the location of the selected boreholes. In green the deep geothermal boreholes extracted from the BDNG
and in orange the shallow boreholes selected from National Archive of substratum investigations (L.464/84).
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4.1.2.3.2 Stratigraphy of Castelnuovo-Mensano (Qualtra)
According to the geological setting described above (subsection 4.1.1), the litho-stratigraphic units
cropping out in the study area or recognized in the considered boreholes were grouped out in eight
geological bodies as reported in Table 4-2. The eight different geological bodies were then used into
the geological modelling software. It is noteworthy that the grouping out of the different borehole
levels was often difficult because of the lack of detailed litho-stratigraphic data. Moreover, the
complex tectonic setting of the study area complicated the groups assignment mainly for what
concerns the TWC because of the many similar level repetitions, Figure 4-2. We focused the attention
on the phyllite lithology since it is the level corresponding to the project production and reinjection
target. Phyllite represents the most representative lithotype of the tectonic units belonging to the
Verrucano and Paleozoic groups involved in the duplex structures. However, the internal structural
setting of the TWC is hardly distinguishable by information from boreholes cuttings. Thus, it has been
chosen to divide the TWC in two parts as pointed in the Table 4-2.
Table 4-2. Modeled layers with the corresponding litho-stratigraphic information and age.
Modelled geological
Litho - Stratigraphy references
Age
bodies
Neogene-Quaternary continental, marine, Middle Miocene lacustrine deposits
Holocene
Ligurian and Sub-Ligurian units
Middle
Jurassic
Impervious cover
Oligocene
Tuscan Nappe: siliceous and terrigenous Malm – Early Miocene
succession (Diaspri Fm, Maiolica Fm, Scaglia (Aquitanian)
Toscana Fm, and Macigno Fm
Tuscan Nappe: carbonate succession (Calcari Rhaetian – Dogger
a Rhaetavicula contorta Fm, Calcare
Carbonate Units
massiccio, Calcare rosso ammonitico Fm,
Calcare selcifero Fm, Marne a Posidonia Fm)
Tuscan Nappe: evaporite succession (Burano Norian-Rahetian
Evaporites
Fm)
Tectonic wedge made up of quartz Trias
Tectonic wedge
metaconglomerate,
metasandstone,
mainly composed by
metasiltstone and phyllite (Verrucano);
the Verrucano
discontinuous slices of metacarbonate and
Group
evaporite levels are also present
Tectonic wedge made up of phyllite, Paleozoic, Trias ?
Tectonic wedge
metasandstone
and
metacarbonate;
mainly composed by
discontinuous slices of evaporite levels are
Palaeozoic phyllite
also present
Tuscan Units: micaschist, quartzite and Pre-Carbonifereous
Micaschists
phyllite
Gneiss
Tuscan Units: gneiss
Pre-Carbonifereous
Magmatic intrusion Mainly felsic magmatic bodies
Pliocene-Quaternary

Geothermal units

Impervious cover

Shallow reservoir

Low permeability
zone

Deep reservoir

All the selected 70 boreholes give information on the shallow geological bodies such as: i) the
impervious cover, ii) carbonates and evaporitic units where the shallow geothermal reservoir is usually
hosted, iii) the TWC mainly composed of the Verrucano Group formations and iv) the TWC mainly
composed of the Paleozoic phyllite. The deepest lithologies are scarcely represented so micaschists,
gneiss and Pliocene-Quaternary granitoids were only reported in 24, 11 and 2 boreholes, respectively.
4.1.2.3.3 Castelnuovo-Mensano (Qualtra) fault network
During the first year of GECO project an import geological field work has been performed. The field
work was dedicated to the structural characterization of the shallow (and cropping out) geological
structures and their possible relation with the deep structures affecting the geothermal fluids
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circulation. 37 sites of structural measurements helped to structurally characterise the study area (see
GECO D2.1 for the complete treatment of the geological setting related to the GECO Italian Demo site,
Weisenberger et al., 2020).
For the 3-D geological modelling purposes, the information from field works were combined with the
recent geological maps in order to produce an updated fault-network map. The resulting map is shown
in Figure 4-6. The recent geological maps we used are: i) Regione Toscana, Geological map at 1:10,000
scale, ii) CARG, Geological map at 1:50,000 scale, and iii) local geological map at 1:10,000 scale of the
Mensano permit exploration.

Figure 4-6. Fault-network for the study area elaborated in the GECO project. Magenta patterns indicate the main
transversal shear zones.

The map in Figure 4-6 shows two different structural features: a) main NE-striking brittle shear zones,
characterized by main NE-striking fault segments and associated minor NNE-striking fault segments
(i.e., marked with a magenta background) and b) NW-striking brittle shear zone, characterized by fault
segments delimiting the tectonic depressions where the bulk of the Neogene sedimentation
developed (i.e., marked with a light blue background). NE trending high angle faults are characterized
by strike-slip kinematic and crosscut the older as well as the NW-trending normal faults.
To build up the regional area 3-D geomodel a synthesis of faults was necessary in order to reduce the
large number of faults. The most important fault segments were selected and, in some cases, merged
to form damage-rock volumes representing the structures. The final result of this process is reported
in Figure 4-7.
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Figure 4-7. Schematic fault-network used to build the 3-D geomodel of the study area.

In the 3-D geomodel, a mean dip angle value was assigned for both normal and transcurrent faults,
which was 75° and 80°, respectively. In addition, the effect of the mean geothermal gradient of the
study area was considered to evaluate the depth of the faults. In principle, when a brittle structure
involves rocks at a temperature of about 400 50 °C the rheological behavior of the shear zones
changes into ductile, assuming quartz rheology as a reference (Ranalli, 1995) and being other
conditions unchanged (e.g., strain rate, pore fluids, lithologies). Thus, considering a mean geothermal
gradient of about 120 °C/km, the faults sole out at a depth of about 4000 m below the ground level.
4.1.2.4 Construction of the geological model in Castelnuovo-Mensano (Qualtra)
The 3-D geomodel developed at regional scale covers an area of 37 x 25 km and reaches the depth of
10.2 km (i.e. down to 9 km below sea level).
The geological map was firstly georeferenced in GeoModeller in order to trace the network of the
faults to be used in the geomodel. The faults were then edited on the basis of their cross-cutting
relations, attitudes, depth, length and horizontal and vertical throws. Moreover, the litho-stratigraphic
pile was built on the basis of the above described Table 4-2, and 9 interpreted geological cross-section
were imported and georeferenced. Some complementary cross sections (12) were also drawn to
ensure a coherent interpretation and to constrain the geological formation thickness. Last but not
least, litho-stratigraphic information from boreholes completed the set of data.
Two versions of the geomodel of Castelnuovo-Mensano (Qualtra) were prepared, as described in
Figure 4-8.
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First
geomodel

Integrated
geomodel

• Regional scale
• Presented in Bochum October 2019
• Trumpy et al. (2020) WGC2020

• Regional scale
• Geophysics and cross-plotting analysis
• Presented in this GECO D2.9

Figure 4-8. The schema reports the main Castelnuovo – Qualtra geomodel versions, its presentation into the GECO project
context, the scale and if the model was scientifically disseminated.

4.1.2.5 Geophysical insights
4.1.2.5.1 Magnetotelluric outcomes
We synthetize the results of the magnetotelluric (MT) study of the Castelnuovo pilot site aimed at
improving the knowledge of the subsurface conditions in the study area and contributing to the
geothermal conceptual model. For further details on the survey, 3-D resistivity model and results, the
reader is referred to the GECO deliverable D2.2 (Montegrossi et al., 2020).
Horizontal slices in the X and Y directions have been extracted from the 3-D resistivity model down to
a depth of 10 km b.s.l. (below sea level) and are shown in Figure 4-9. They help to clarify how the
imaged features have been interpreted and used as input for the 3-D geological models and numerical
simulation.
The first-order resistivity structures have trends matching the strike values obtained by the analysis of
the impedance tensors. At shallow depth, down to a depth of 1500 - 2000 m b.s.l., the main structures
are a low resistivity volume (C1) and a high resistivity volume (R1) oriented NW-SE, i.e. parallel to the
major “Apennine” tectonic structures (see the 6 uppermost pictures of Figure 4-9). The C1 lowresistivity volume is characterized by resistivity values mostly lower than 50 Ωm, down to few Ωm.
This volume clearly corresponds to the “Radicondoli-Volterra” basin filled with Neogene-Quaternary
continental and marine sediments. Over the eastern flank of the basin a parallel (NW-SE) very high
resistivity volume (R1) is recognized, with resistivity values higher than 1000 Ωm. The high resistivity
behavior of this structure can be explained with the occurrence of the internal part of the Mid-Tuscany
metamorphic ridge (see Brogi et al., 2005; Sani et al., 2016 for different tectonic models of this regional
element). In this area, quartzites as well as metamorphosed carbonates and phyllites outcrop or are
at very shallow depth.
At about 1000 m b.s.l. the basin disappears, and at 1700 m b.s.l. a large high resistivity structure (R2)
can be recognized on the south-western corner of the model, close to the Sesta 6bis well. R2, with
resistivity of about 200 Ωm, is oriented N30 - 40E, perpendicular to the previous structures, and has a
horizontal width of at least 5 - 7 km. At deeper depth the transverse NE-SW structural trend spans the
whole volume, from the SW to the NE corners.
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Figure 4-9. Horizontal slices drawn from the 3-D model. The negative values of elevation are for km above sea level. X axis
is along NS direction.

R2 represents also the most important resistivity contrast along vertical direction (see the vertical slice
Figure 4-10). By comparison with the stratigraphy log of Sesta 6bis borehole (Barelli et al., 2000; Batini
et al., 2002), the highly resistive basement R2 is interpreted as the metamorphic basement, that in the
Sesta 6bis well occurs at a depth of 1600 m b.s.l., where phyllites were drilled. The top of the resistive
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basement here identified with R2 has values larger than 170 Ωm. It is worth to note that vaporproductive horizons are found in correspondence of the highest resistivity values in the Sesta 6bis well.

Figure 4-10. Vertical sections, oriented NE-SW, drawn from the 3-D resistivity model.

In our opinion, the results obtained by magnetotellurics represent a great improvement of knowledge
about the subsurface conditions in the studied area. We summarize some important aspects about
the interpretation of the resistivity model:
1) The Radicondoli-Volterra basin is clearly imaged. In correspondence of the basin the top of the
metamorphic basement appears deeper with respect to two structural highs in the Sesta area
and in the Mid-Tuscany metamorphic ridge;
2) In correspondence of the Mid-Tuscany metamorphic ridge the expected high-resistivity volume
of rocks (R1) is interrupted by large conductive anomalies (C2). In this area we suggest the
interplay of lithological effects and circulation of meteoric water in liquid state, both fresh
(recharging) and warm (uplifting) fluids;
3) An important, high resistivity regional structure, oriented NE-SW (about N30E), is imaged
below 1.7 km depth (R2). This structure is drilled in its south-western extremity by the deep
geothermal well Sesta 6bis. The well’s stratigraphy highlights its correspondence to the
metamorphic basement. Based on this observation, the 170 Ωm iso-surface has been used for
a first-order indication of the top of the metamorphic basement (top of Paleozoic phyllites) all
over the model. Considering the lack of data in the study area, this first-order approximation
was of great help for the geological modelling
4) The Sesta 6bis well drilled highly productive vapor-bearing fractures in the metamorphic
basement, where the resistivity model shows particularly high resistivity values. At the bottom
of the well a thermometamorphic rock was drilled, suggesting the proximity of shallow igneous
intrusions. The relatively higher resistivity at depth recognized in this structure is interpreted
as being due to an interplay of factors such as a) the occurrence of relatively abundant vaporbearing fractures (vapor is highly resistive) and b) recent, crystallized granites emplaced
preferentially along this damaged volume of crust. Also, by comparison with gravimetric data
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(see 4.1.3.2), the 200 Ωm iso-surface has been interpreted as a benchmark of enhanced
permeability and steam circulation.
4.1.2.5.2 Density and magnetization models
A gravimetric and a magnetic survey were carried out by Magma Energy in an area encompassing the
whole Mensano geothermal permits and partially covering the Castelnuovo permit. The latter roughly
occupies the south-western sector of the investigated area. A total of 785 gravity stations and 785
magnetic stations were acquired on a grid with a varying spacing between 500 - 1000 m. For both
gravity and magnetic data, a number of 3-D joint inversions were run in order to achieve stable results
minimizing the misfit between measured and modelled potential field data. An initial distribution for
density and susceptibility was built using a priori geological model. According to the original dataset
and inter-station spacing, data were high-pass filtered in order to remove small scale inhomogeneities.
In Figure 4-11 the density and magnetic susceptibility distributions are displayed along a SW-NE
section. The main results of the 3-D gravity modelling highlight the well-known low-density basin that
occupies the center of the surveyed area. Below the basin, at depth greater than 1500 m from surface,
the central sector is characterized by a high-density anomaly. At shallow depth, the susceptibility
values are consistent with the known geological bodies with ophiolites and Neogene sediments
characterized by relatively high susceptibility values, respectively. The inversion of magnetic data also
constrained the occurrence of a very high magnetic susceptibility body in the central part of the
surveyed area. A general SW-NE trend of increasing density and susceptibility emerges from the joint
inversion.

Figure 4-11. Density (left) and susceptibility sections crossing the three-dimensional geophysical models along the SW-NE
direction.

4.1.2.5.3 Cluster analysis
With the aim of improving the integrated modelling of Italian site, we applied an unsupervised cluster
analysis to the resistivity, density and magnetization models (Table 4-3). In Figure 4-12 the three
geophysical cubes are displayed. Before the analysis, they have been resampled over a common 3-D
grid which spans in longitude (X axis) from 1659·103 m to 1672·103 m, in latitude (Y axis) from 4789·103
m to 4804·103 m and in depth (Z axis) from 10·103 m to -1.7·103 m b.s.l. The grid spacing is 100 m along
X, Y, and Z directions. In Figure 4-12, the three resampled data set are displayed.
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Figure 4-12. The three-dimensional geophysical cubes used as input of the cluster analysis. From left to right: the resistivity,
the density and the susceptibility 3-D distributions.

4.1.2.5.4 Background
Data integration and multidisciplinary evaluation of deep-seated geothermal reservoirs are
challenging and represent a core competency in geothermal exploration. Each single petrophysical
parameter retrieved by geophysical surveys provides important relations with lithology, fluid phase
and saturation as well as indirect information of underground physical conditions. A multivariate
approach, i.e. integrating multiple datasets, reinforce the interpretation and provide additional,
unequivocal information. In the framework of GEMex Project (GEMex, D5.12), an innovative method
allowing a semi-automatic, multi-parametric integration has been developed and tested on different
geothermal sites. The clustering of high-dimensional data proved to be a powerful technique enabling
the extraction and the quantitative characterization of the underground geophysical features. In
detail, the Gaussian Mixture Model (GMM) has been adopted. Formally, the GMM is a probabilistic,
unsupervised clustering method defined by the sum of several Gaussian functions, each identified by
an index and characterized by the mean, the standard deviation and the mixture proportion values.
The goal is to find, given a predefined number of clusters, the best parameters which maximize the
likelihood function (L). The likelihood function measures the support provided by the data for each
possible value of the above-mentioned parameters. The maximum likelihood is found using the
expectation-maximization algorithm. One notable feature of the GMM is that every data point is not
assigned uniquely to one of the clusters. Instead, the probabilities that a data point falls in each cluster
are evaluated (soft clustering). The choice about how many clusters are required to describe the multiparametric dataset is a difficult task. Unsupervised methods are useful when the right answer is
unknown ahead of time. The GMM algorithm is run with an increasing number of components and the
best model is chosen by comparing information criteria, i.e. a measure of the quality of a statistical
model which considers how well the model fits the data and the complexity of the model. The most
popular information criteria are the Akaike Information Criterion (AIC) and the Bayes Information
Criterion (BIC). AIC and BIC are a likelihood-based measures of the model fit that include the negative
loglikelihood and a penalty for the number of estimated parameters and observations. When
comparing multiple models, the one with a smaller value of AIC or BIC is better.
4.1.2.5.5 Results
The cluster analysis has been applied twice. First, in the model 1, the resistivity and density dataset
have been analyzed and then, in the model 2, all the three data set have been clustered together. In
Figure 4-13 the information criteria of the model 1 for a number of components variable from 1 to 10
and the cluster distributions with 10 components are displayed. Generally, the quality of the statistical
models increases with the number of components. As the model fitting continuously increases with
the number of clusters, the results obtained by the analysis with 10 components has been chosen.
In Table 4-4 and Table 4-5 the mean values of clusters for model 1 and 2 are summarized, respectively.
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In Figure 4-14 the 3-D distributions of the clusters of models 1 and 2 together with horizontal slices
set at -100 m b.s.l. and 3 km b.s.l. are displayed. In both the models, the unsupervised clustering
highlights predominantly SW-NE and NW-SE structures which mimic the principal structural
alignments of the Apennine thrust belt. The shallower levels are characterized by low density, low
resistivity and relatively high susceptibility that fit well the sedimentary basin developed during the
Miocene extensional tectonic phase. In the north-eastern sector of the surveyed area, a high resistivity
and high-density cluster occurs very close to the surface. This feature is in agreement with geological
evidences showing that the upper portion of the metamorphic basement becomes shallower moving
toward the east, until outcropping at the so-called (“Montagnola Senese”). Generally, the
metamorphic basement has high resistivity, high density and low susceptibility. Two anomalous
magnetic bodies in the SW and NE sectors occur. In the SW sector, both models (1 and 2) show a region
with lower density and higher resistivity set within the basement. This feature could represent a
volume of the basement with higher porosity filled by steam. The model 2, at the same location,
highlights within the basement a deep region of high susceptivity that could represent a granitic body.

Figure 4-13. Akaike Information Criterion (left) and cluster’s distribution of model 1.
Table 4-3. List of the geophysical data used for cluster analysis of the Italian site.
Data set
Short description
Resistivity
Resistivity from 3-D MT inversion
Gravity
Density from 3-D gravity inversion
Magnetization
Susceptibility from 3-D magnetic inversion

Delivered by
CNR
Magma Energy
Magma Energy

Table 4-4. Statistics of the clusters (k = 10) of the Resistivity and Density interpolated dataset.
Cluster
Resistivity
Density
mean
mean
1
1.89
2.70
2
1.27
2.47
3
2.01
2.71
4
2.25
2.72
5
1.51
2.66
6
2.47
2.69
7
2.13
2.70
8
2.16
2.72
9
1.87
2.72
10
2.37
2.73
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Table 4-5. Statistics of the clusters (k = 10) of the Resistivity, Density, Susceptibility interpolated dataset.
Cluster
Resistivity
Density
Susceptibility
(Log10(Ω m))
mean
mean
mean
1
1.72
2.65
19.5
2
2.13
2.71
1.57
3
1.29
2.51
4.87
4
1.83
2.70
4.07
5
2.28
2.73
4.23
6
2.46
2.68
3.00
7
2.35
2.73
9.81
8
2.20
2.69
9.37
9
1.79
2.63
0.18
10
1.99
2.70
0.42

Figure 4-14. 3-D view and two horizontal slices set at 100 m a.s.l. and 3 km b.s.l of the clusters from model 1 (left) and
model 2 (right).
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4.1.2.6 Natural CO2 emissions
The identification of possible correlation between main CO2 emission areas and structural settings
(studied both at local and regional scale) were performed in the framework of the WP2 (demo-sites
characterization) and they are referred to the D2.5, where the reader can find all details.
In the Italian site of the Castelnuovo prospect, a very detailed study on diffuse degassing was carried
out (with two different sampling trips – wet and dry season), performing more than 800
measurements of the CO2 fluxes and soil temperature in the target area selected for drilling and also
in some areas abroad, following the main and local fault alignments.
CO2 flux data were elaborated using statistical and geostatistical method and the total budget emitted
from the target area was estimated: ~2 tonns/day and ~1 tonns/day, respectively for April (wet
conditions) and July (dry conditions). The spatial distribution and values of CO2 fluxes in the target area
show that no correlation with main fault alignment are evident and that surface source of CO 2 seems
to be the most component. In fact, all flux measurements are very low and the estimated threshold
for the background level is typical for that of plants respiration.
The background level for CO2 fluxes was used in the study aimed to the identification of the correlation
between diffuse degassing and the alignment of faults and fractures around the target area. In
particular, the areas characterized by a CO2 fluxes higher than the calculated threshold for the natural
background were identified. In the area around the Montecastelli village, a good correlation with the
main NE-SW direction was evidenced in which, close to the trace of faults reported by geologists in
the geological map, higher values for CO2 fluxes were measured, see Figure 4-15. Results obtained
suggest that these structures could work as vertical permeability for deep fluids and it represent
suitable site for monitoring activity of the re-injection.

Figure 4-15. CO2 flux measurements and values nearby NE-SW faults close to the Montecastelli village.
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4.1.3 Results
4.1.3.1 Preliminary geomodel
The preliminary model was carried out in the first year of the GECO project and included mainly the
existing data collected and organized in the first months of the project.
The main reference of the geomodels was the final version of the geological map of the Castelnuovo
site and its surroundings that developed by the GECO Italian team geologists and the many deep
boreholes drilled in the past by ENEL for geothermal exploration and utilization that are stored in the
BDNG (Trumpy and Manzella, 2017). The geological map was built considering the performed field
works, the most updated version of the Tuscan region geological map at 1:10,000 scale, the local
geological map at 1:10,000 scale of the Mensano permit exploration as well as the known information
from literature. The map includes the principal structures existing in the regional area of modelling.
Beside the geological map, we used the information of about 70 deep boreholes extracted from the
BDNG where per each borehole the coordinates, the elevation, the depth and the litho-stratigraphic
data were considered in the 3-D geomodel and used to constrain geological information. A digital
elevation model (DEM) is also added to the model. Nine interpreted geological cross-sections from
literature and shallow boreholes were also considered to control the geomodel.
The Castelnuovo-Mensano (Qualtra) area is characterized by the occurrence of NE-SW and NW-SE
fault systems in a mutual cross-cut relation. The faults belong to two different groups in terms of
geometry and kinematics. The first group includes NW-SE striking mainly normal faults and are so
called “Appenninic faults” while the second group comprises NE-SW striking faults, so called
“Antiappeninic faults”, with a typical transcurrent movement (Trumpy et al., 2020).
Eight groups of rocks were modelled including the metamorphic phyllitic group, which is the planned
target at Castelnuovo-Mensano (Qualtra). The group of rocks are those reported in Table 4-2.
This model version was unveiled for the first time at the Workshop on GECO Modelling (Figure 4-16)
held in Bochum, Germany, in October 2019 and firstly an abstract and afterword a proceeding was
submitted at the World Geothermal Congress 2020, which was postponed to May 2021 (an updated
is foreseen).

Figure 4-16. On the left the 2D fault network; on the right the 3-D visualization of the modelled faults and the bottom
surfaces of the covers, evaporites an-d Verrucano group.

4.1.3.2 Integrated 3-D Geological Model
To improve the accuracy of the preliminary 3-D geological model, different kind of data have been
incorporated and integrated, including MT data carried out in the Italian demo site during the GECO
project. In Table 4-1 the datasets considered for the integrated model are highlighted.
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The teamwork at this point was crucial to decide which and how geophysical datasets had to be used
directly for improving of the preliminary GECO geomodel, and which were relevant for the definition
of the geothermal conceptual model.
An important contribution was provided by the cross-plot and cluster analysis (see section 4.1.2.5.2,
4.1.2.5.3 and GEMex D5.12 for a full treatment of the topic) that allowed a quantitative integration of
different geophysical datasets. Cross-plot have been used to interpret geophysical datasets and
suggested various correlation between variables with a certain interval of confidence. The cluster
analysis highlighted set of data similar to each other and the data in different clusters were as different
as possible. Among the different clustering approaches and outputs, we exploited the results coming
from the unsupervised cluster analysis. In particular, two model (i.e., model 1 and 2, see 4.1.2.5.5)
including ten clusters each characterized by a specific interval of resistivity, density and magnetization
were analyzed.
The process of data integration discussion was carried out by exploiting the capabilities of the tool
“ParaView” (by Kitware), an open-source 3-D data analysis and visualization application that allowed
to plot together different kind of datasets. The discussions results were used to upgrade the GECO
regional model within the 3-D GeoModeller software package, by importing specific surfaces or body
shapes.
In particular the following features were considered for the refined the 3-D geological model:
The 3-D resistivity model was used to provide a constrain for the verification of the depth of the
bottom of the Verrucano group units (magenta line in Figure 4-17) that corresponds to the top of the
Paleozoic phyllite in the surrounding of the Sesta 6bis borehole. The shape of the 170 Ωm surface
extracted from the 3-D resistivity model was taken into account as possible limit between the more
conductive Verrucano Group units and the underlying more resistive Paleozoic phyllite. The
correspondence between this resistivity contrast and the different lithologies is well constrained in
the Sesta 6bis borehole litho-stratigraphic log. This surface was imported in the 3-D GeoModeller
software to adjust the corresponding geological surface (Figure 4-17) mainly for the area close by the
Sesta 6bis borehole.
The cluster 6 of the Model 1 from the cross-plot analysis (see Figure 4-14) highlights a high resistivity
(log10(RES) 2.7) - low density (2.69 g/cm3) volume of rocks. The low density can denote the existence
of fractured rocks while the high resistivity the occurrence of resistive lithologies (i.e., phyllites)
possibly permeated by a geothermal fluid in vapor phase, which in turn can increase the rock
resistivity.
The permeability of porous media is a critical parameter. In order to evaluate a reliable porositypermeability relationship in the investigated area, we applied the well-known Kozeny‐Carman
equation. In particular, taking advantage of the result of cluster analysis, we focused on the observed
increase in resistivity and decrease in density of cluster 6 in comparison with the surrounding clusters
4 and 10 of Model 1. All the above-mentioned clusters rely within the metamorphic basement so that
the observed discrepancies in density and resistivity are most likely controlled by a different degree of
fracturing or pore spaces filled by a vapor phase. In first approximation, the clusters 4 and 10 were
taken as reference of the background. We evaluated the porosity index of clusters 6, 4 and 10
assuming a matrix density of 2900 kg/m3. Cluster 6 (the one more fractured than the background) has
porosities ranging between 5 - 12 % with an average value of 8 %. The background has minimum
porosities between 1 - 2% and an average porosity of 6 %. Assuming a minimum porosity ϕ0 of 1 %
corresponding to the minimum permeability K0, the ratio K1/K0 follow an exponential curve and the
permeability of cluster 6 with an average porosity of 8 % is 100 times the minimum permeability K0.
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Thus, this volume can be referred to a perspective and more permeable sector of the phyllitic
reservoir.
As the cluster analysis models do not include the Sesta 6bis area, in order to extrapolate the cluster 6
toward the area where this borehole is located and the Castelnuovo and Mensano boreholes are
foreseen, the iso-resistivity surface of 200 Ωm was used, due to its correspondence with the cluster 6
shape (Figure 4-18). This resistivity surface was then imported into 3-D GeoModeller to create this
geometry, see Figure 4-19.

Figure 4-17. Two different 3-D GeoModeller cross-sections showing: (left) the correspondence of the 170 Ωm of resistivity
with the top of Paleozoic phyllite at the Sesta 6bis borehole; (right) the adjustment of the top of the Paleozoic phyllite in
agreement with the resistivity surface. Legend: i) light blue: NW-SE fault; ii) yellow: bottom of the cover; iii) cyan: bottom
of the limestone units; iV) pink: bottom of the evaporites; vi) magenta: bottom of the Verrucano Group; vii) lilac: bottom of
the Paleozoic phyllites and viii) green: bottom of micaschists.

Figure 4-18. In yellow the volume of the cluster 6 from Model 1. Green border is the limit of the regional area while in
orange the limit of the local area. In red the boundary of the Castelnuovo permit and the vertical colored line is the
representation of the Sesta 6bis borehole.
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Figure 4-19. In green the shape of the iso-resistivity 200 Ωm from the 3-D resistivity model. Green border is the limit of the
regional area while in orange the limit of the local area. In red the boundary of the Castelnuovo permit and the vertical
colored line is the representation of the Sesta 6bis borehole.

Figure 4-20. On the left a cross-section used for the reconstruction of the iso-resistivity 200 Ωm in the 3-D GeoModeller. On
the right the resulting surface in a 3-D view. The surface represents two sectors with different permeability within the
phyllitic reservoir, inside (concave part) the surface the volume of rocks is more permeable while outside (convex part) is
less permeable.
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1. The cluster 6 of the model 2 from the cross-plot analysis is characterized by high resistivity
(log10(RES) 2.46), medium density (2.68 gr/cm3) and a good level of magnetization (3.00 nT).
The combination of these petrophysical properties and the clue from Barelli et al. (2000), reporting
the occurrence of a level of high-temperature hornfels at the Sesta 6bis bottom, hint toward the
presence of a granite: the top surface of this cluster could represent the limit between this intrusion
and the metamorphic basement.
Thus, the top surface of the cluster 6 (Figure 4-21) from the Model 2 was imported and used
in the 3-D GeoModeller to refine the trend of the bottom of the gneiss surface, which is actually
the top surface of the Plio-Quaternary granitoid intrusion in the neighbourhood of the Sesta
6bis.
2. The bottom of the shallow geothermal reservoir, usually hosted in the evaporites formation
and in the limestones units belonging to the Tuscan nappe, was constrained in the 3-D
geomodel by using the 5 to 20 Ωm resistivity values extracted from the 3-D resistivity model.
The bottom of the shallow reservoir is normally characterized by low resistivity values because
of the occurrence of geothermal fluids, while the underling rocks are more resistive. This
resistivity contrast is well marked by the above-mentioned resistivity range values and can be
referred to the passage from the evaporitic to the Verrucano group units as constrained in
some boreholes (e.g., Tegoni 1, Sesta 6bis, Montecastelli 1, Casolone, Scarpenata). Thus, these
resistivity values were imported in 3-D GeoModeller to refine such boundary, Figure 4-22.

Figure 4-21. In yellow the volume of the cluster 6 from Model 2. Green border is the limit of the regional area while in
orange the limit of the local area. In red the boundary of the Castelnuovo permit and the vertical colored line is the
representation of the Sesta 6bis borehole.
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Figure 4-22. Example of the constrain nearby some boreholes of the 5-20 Ωm values with the bottom of the shallow reservoir
hosted in the evaporites and limestones of the Tuscan nappe. Legend: i) light blue: NW-SW fault; ii) yellow: bottom of the
cover; iii) cyan: bottom of the limestone units; iV) pink: bottom of the evaporites; vi) magenta: bottom of the Verrucano
group; vii) lilac: bottom of the Paleozoic phyllites and viii) green: bottom of micaschists.

In conclusion, the 3-D integrated geological model at regional scale is shown in Figure 4-23., Figure
4-24 and Figure 4-25. It includes: i) the checking of the top of the phyllites with the resistivity
outcomes; ii) the definition of a new surface as limit of a more permeable portion of the phyllitic
reservoir iii) the checking and the refining of the top of the granite iv) the checking of the shallow
reservoir bottom limit.
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Figure 4-23. 2-D (left) and 3-D (right) representation of the modeled fault system of the integrated 3-D geomodel.

Figure 4-24. Three different computed geological cross-sections of the 3-D integrated geomodel. Legend: i) light blue: NWSW fault; ii) red: NE-SW faults; iii) yellow: bottom of the cover; iv) cyan: bottom of the limestones ; V) pink: bottom of the
evaporites; vi) magenta: bottom of the Verrucano Group; vii) lilac: bottom of the Paleozoic phyllites and viii) green: bottom
of micaschists.
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Figure 4-25. The integrated regional 3-D geomodel of Castelnuovo-Mensano (Qualtra) area. Coordinate system is GAUSSBOAGA ovest (EPSG: 3003). In the top left picture, the location of the selected (shallow and deep) boreholes in a 3-D view,
on the top right picture the 3-D geomodel and in the bottom some modelled geological cross-sections in 3-D view.

4.1.3.3 Geological Model results
The final integrated 3-D geomodel was then exported to provide the geometrical inputs for the further
modelling steps (i.e., reservoir and geochemical modelling, see the next sections of this deliverable)
for the Italian GECO site. The bottom surface of the eight group of formations were exported from the
regional modelling area and cut considering the local area of modelling. Beside the geological surfaces,
even the aforementioned surface that separates the reservoir in two different permeability volumes
of rocks was even provided down to a depth of 4 km b.g.l.
It is noteworthy that the exported surfaces from the 3-D geological model cover both the area of the
foreseen Castelnuovo and Mensano (Qualtra) boreholes.
The 3-D geomodel could be improved in the future having the possibility to add other kind of data.
Seismic data and interpreted seismic cross-sections could help in the interpretation of the deep
structures and can be used directly in the 3-D GeoModeller or as part of the data integration process
(e.g. including 3-D seismic velocity model in the cluster analysis). Moreover, to have the access to the
original borehole logs could help in the litho-stratigraphic interpretation and in the petrophysical
properties characterization of the seated reservoirs.
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4.2 Reservoir modelling
4.2.1 Reservoir modeling revision after the geological update
The reservoir engineering investigation remain unchanged with respect to the Deliverable D2.2
(Montegrossi et al., 2020), Italy demo site, as well as the reservoir top and bottom position hereafter
reported.

Figure 4-26. Reservoir top and bottom.

In order to define the proper boundary condition for the computation of the steady state for the
geothermal prospect, we have to define the position and condition of the recharge boundary and the
hot source. The general geological setting and considerations of the recharge boundary remain
unchanged with respect to GECO D2.2 (Montegrossi et al., 2020), with the recharge area at Casole
D’elsa hills, positioned NNE from Castelnuovo – Qualtra project area.
The MT investigation evidenced a clear downfall of liquid water in that area, that is then protruding
toward Castelnuovo-Qualtra and the Larderello geothermal area with a main flow direction that is
aligned with the permeable structure identified at depth in the MT and Geological model update
(section 4.1).

4.2.2 Numerical model approach
For the simulation of the natural state and exploitation scenarios a 3D model has been built using the
TOUGH2 V.2.1 (Pruess et al., 1999) numerical reservoir simulator managed using Petrasim V.5.2 preand post-processing software package. Among the Equation of State (EOS) modules available within
TOUGH2 V.2.1, considering the target of modelling total reinjection and the PT conditions that CO2
will encounter at depth, with the low to no salinity of the system, the EOS2 module is used.
Considering the 3D geometry of the prospect and its relevant features, an unstructured Voronoi grid
approach was chosen, with upper grid layers following the DTM (digital terrain model) elevations and
the reconstructed top and bottom of shallow and deep reservoirs as layer delimiting surfaces. Petrasim
allows as a first step to build a model at a conceptual level by defining the model geometry, layering,
internal regions, boundary and initial conditions, sink and sources and petrophysical properties
distribution, and in a second step to build the discretization grid. As far as the construction of the
Castelnuovo-Qualtra numerical model is concerned, it has been performed according to the following
steps:
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Starting from the conceptual model of the prospect, the area and the thickness to be modelled have
been chosen. Layering at the conceptual level has been defined using DEM, shallow reservoir bottom,
reservoir top and bottom and model bottom.
Internal boundaries have been added, including the main faults as resulting from the revised geological
model. The irregular shape of the geological formation surfaces makes impossible the use of those as
layer surfaces, but they can be used as internal boundaries to assign the different rock properties, and
the deep and shallow reservoirs structure. Rock types and properties have been defined and their
distribution within the modeled domain assigned according to the results of the existing well data and
geological model as was done in GECO D2.2 (Montegrossi et al., 2020), with the aid of an increased
permeability zone that reproduce the flow path (permeable zone) identified in section 4.1.2.5. The
initial and boundary conditions were assigned, including the location of inflow at the northern
boundary of the model and the outflow zones of both the shallow and deep reservoirs. A series of
simulations have been performed trying to obtain a stable steady-state with pressure and temperature
distributions reproducing those observed in the reference well of Sesta 6bis. During this iterative
process, main applied changes were relative to the inflow of the shallow reservoir, the temperature
at the model bottom beneath the deep reservoir and the permeability of rock domains.
The numerical model covers an area of 9 x 7 m (Figure 4-27), with Voronoj mesh local refinement
around exploitation areas, 20 vertical layer (11 for reservoir zone) and 26472 elements.
The model reaches an elevation of 480 m.a.s.l., which is the DTM maximum elevation. The bottom of
the model was set to -4000 m.a.s.l. An unstructured grid is chosen according to the IFDM (Integral
Finite Difference Model) spatial discretization approach on the horizontal plane (Figure 4-28).
Grid spacing and model dimensions have been chosen to properly cover the planned wells in both
prospects, avoiding at the same time too many grid elements that would compromise simulation
speed, in particular while accounting for chemical reactions.
The hot source located below is taken as the bottom thermal boundary, set at 330 °C, according to
temperature measurements.

Figure 4-27. Numerical model layers, on left the old geological model layers and on right the revised geological model.
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Figure 4-28. Importing the geological layers in to Petrasim, the rock formation distribution: left the old geological model,
right the revised geological model.

Figure 4-29. Model discretization using Voronoj grid with local refinement around the planned wells. Pink is the permeable
structure, blue Verrucano formation and transparent the Phydallic unit with low permeability. The orange border is the
Castelnuovo research permit. The blue border shows the location of the Mensano area.
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The main change after the revision of the geological model were a reduction of the extent of carbonate
formations in the upper layer (yellow), with an increase of the evaporite (pink) and Neogene units
(brown) as can be observed in Figure 4-28. The permeable structure (magenta, Figure 4-28 on right)
now take place mostly in the phylladic reservoir, hitting the Verrucano formation now uniformed as a
sealing formation (green in Figure 4-28 right), while the remaining phylladic unit are no longer
considered reservoir but low permeability unit (orange).
Figure 4-29 we have a view from the top of the permeable zone, that encompass the Qualtra wells but
not the CAS wells.
In the following sections we will consider the production scenario for the Qualtra wells (Mensano
permit) only, since Castelnuovo project cannot be considered due to the authorization delays.

4.2.3 Steady state/natural state description
The steady state, ideally representing the natural state prior to exploitation, was reached after more
than 10,000 years of simulation time. However, this is not related to any natural process but only to
the numerical model stability. The result of the Steady State are here shown as Pressure distribution
(Figure 4-30), CO2 mass fraction distribution (Figure 4-31) and temperature distribution (Figure 4-32).
The pressure distribution of the model have few calibration points; the main one is 70 bar at 3000 m
depth at Sesta 6bis that is matched within 1 bar, and the Larderello boundary that is about 50 bar at
2500 m depth (Romagnoli et al., 2010) but the latter is an imposed boundary condition. The shallow
reservoir is liquid with a hot hydrostatic pressure gradient, while the deep reservoir is steam with a
gas pressure gradient, appearing uniform in the pressure distribution. The pressure jump from the
shallow to the deep reservoir evidence the efficiency of the sealing mechanism, likely caused not only
to the presence of clays but also to geochemical sealing (likely due to the precipitation of silica/quartz,
gypsum, calcite, etc.).

Figure 4-30. Pressure Distribution, view from north.

204

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

Figure 4-31. CO2 partial pressure distribution, view from north.

The CO2 distribution in the deep reservoir is homogeneous with about 8 % w/w and has an
accumulation zone at the top of the permeable structure, with a thin layer of CO 2 propagating just
below the sealing units that separate the deep reservoir with the shallow one.
The temperature distribution evidence the presence of the shallow and deep reservoir, whose position
is accurately modelled and the temperature distribution is calibrated against the Sesta 6bis
temperature profile (Figure 4-33). Here we have a “transition” zone from the gas reservoir to the
shallow liquid reservoir that is located at the sealing formation level; however, this zone in reality may
not even exist as physical condition since the formation is not permeable and could be dry as well, but
exist as change in the thermodynamic properties.

Figure 4-32. Temperature distribution, view from north.
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Figure 4-33. Modeled Temperature distribution compared with Sesta 6 temperature profile.

In Figure 4-33 the difference between the calibration done for the old geological model and the new
one is shown. The shallow section has a slightly lower temperature, resulting from the lower efficiency
in heat transfer due to the restricted permeable zone that reduce the overall heat flow.

4.2.4 Exploitation scenario of Mensano (Qualtra wells) and sensitivity
The exploitation of the Mensano project is planned with 4 production wells (Qualtra 1a, Qualtra 1b,
Qualtra 1c, Qualtra 1d) with a flow of 9 kg/s each, and two reinjection wells with a flow of 18 kg/s each
(Qualtra 1e and Qualtra 1f).
The permeability distribution known from the data in the BNDG database is represented in Figure
4-34. Taking in to account that in the scenario reported in GECO D2.2 (Montegrossi et al., 2020) the
requirement were of 25 mD of reservoir permeability and a skin zone around the reinjection wells with
an optimal permeability of 250 mD, in this case the size of the permeable structure is far less, thus we
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can use 50 mD for the permeable structure and the same 250mD for the skin zone area around the
reinjection wells, as shown in Figure 4-35.

Figure 4-34. Box plot of the BNDG apparent permeability values in m 2.

Figure 4-35. Qualtra wells with skin zone at reinjection wells, south view.

In Figure 4-36 top, a slice of the model with the pressure distribution in the exploitation zone
(reinjection well 1f and production well 1d) at 10 years is shown, to evidence the depletion of pressure
at the reservoir top. In this scenario, due to the higher permeability inferred, the pressure drop at the
producing well is not large. Similarly, in Figure 4-36 bottom a view from top evidencing the
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overpressure at the reinjection wells that reach up to about 50 bar. The critical factors here are both
the permeability distribution and the distance from the non-permeable section of the reservoir, that
act as a wall not dispersing the reinjection pressure wave. In this situation, if the reinjection wells are
too close to the not permeable zone their performance could be seriously affected.

Figure 4-36. Qualtra pressure distribution in the exploitation zone after 10 years; top figure view from south with evidenced
extraction pressure drops, bottom figure view from top with evidenced the high overpressure in the liquid cells

In Figure 4-37 the temperature distribution on a slice along well Qualtra 1F is shown, with the cold
liquid zone around the reinjection well that show a downfall toward the reservoir bottom, according
to the structure of the permeable zone. From the liquid zone, that is plotted gray (2-phase) due to the
large contribution of CO2 partial pressure with none or very little water vapor, an NCG plume develop,
and migrate both upward and toward the production wells, as reported in Figure 4-38 (CO2 mass
fraction distribution). In this case, the shape and migration pattern of the plume show two different
trends: i) upward migration due to CO2 buoyancy with respect to the liquid or 2-phase elements
surrounding the injection well, and ii) migration toward the production well. The CO 2 plume arrival
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time is nearly 11 years, and it is mainly influenced by porosity and secondarily by permeability
anisotropy.
In this scenario the risk of NCG shortcut is low because of a distance between the wells at reservoir
top of nearly 800 m that increase going deeper due to the deviation of the reinjection well, and the
permeable structure identified in the geological model suggest that if present, a permeability
anisotropy should be aligned with such structure that is not really along the direction of productionreinjection wells.

Figure 4-37. Qualtra temperature distribution in the exploitation zone (reinjection well 1f and production well 1d) after 10
years.

Figure 4-38. Qualtra CO2 partial pressure distribution in the exploitation zone (reinjection well 1f and production well 1d)
after 10 years.
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4.2.5 Conclusions
The Mensano geothermal prospect is able to have the expected production if located in a high
permeable zone, as suggested by the investigation carried out in section 4.1.2.5; the reinjection wells
will have a skin zone surrounding, possibly developed during drilling or self-developed under the
hydrostatic pressure during the reinjection, but the distance to the boundary between the permeable
and non-permeable zone of the reservoir could affect the performance of the reinjection wells due to
the feedback of the reinjection pressure wave.
As a concluding remark, as reported in GECO D2.2 (Montegrossi et al., 2020), the prospect of Mensano
could start with 2 wells, possibly Qualtra 1e and Qualtra 1a (the only vertical well planned).
According to the pressure drops, up to two of the producing wells could be avoided, and of the
production wells Qualtra 1C have the worst position due to the interferences of the pressure drop
area with Qualtra 1A and Qualtra 1B.

4.3 Geochemical modelling
4.3.1 Equilibrium modeling and secondary minerals
The rock type that is of interest for fluid reinjection in the Italian demo site is mainly phyllite “Filladi di
Boccheggiano” units.
Phyllite rocks, according to the investigations carried out in the experimental Appendix, are made of
quartz, white mica, chlorite, minor plagioclase with trace of paragonite, Fe-rich chlorite and secondary
quartz and rarely fluorite and Fe-oxides.
FB2 sample, taken as representative of the phyllites, on the backscattered electron microscope view
highlighted quartz, white mica (phengite) interlayered with chlorite, sparse Fe-oxides, Ti-oxides,
apatite, zircon and pyrite crystals are sometime found.
The mineralogical composition defined by XRD analysis consist of Quartz 27 % w/w, Plagioclase 1 %
w/w, Chamosite 32% w/w, Phengite 41 % w/w and Illite 3 % w/w. The FB2 sample have a bulk chemical
composition is presented in Table 4-6.
Table 4-6. Bulk rock chemical composition of sample FB2.
SiO2 TiO2 Al2O3 Fe2O3 MnO
FB2
48.5 1.46
28.5
10.9
0.09

MgO
2.39

CaO
0.21

Na2O
0.86

K2O
6.59

P2O5
0.19

The first problem is how to represent the rock sample. According to the phyllites rock chemistry and
XRD and mineralogical composition the following minerals were chosen as primary minerals:
chamosite (daphnite), clinochlore, anorthite, illite (Al), paragonite, and quartz (alpha). The relative
abundance of primary minerals was computed according to the XRD data. The thermodynamic data
used for all the solid phases are from the Thermoddem V1.10 database (http://thermoddem.brgm.fr/)
that is available for both PHREEQC and TOUGHREACT code. The latter proprieties allow to directly use
the results from PHREEQC model in to the TOUGHREACT models.
For the batch reaction model carried out in PHREEQC version 3.5, we used a water/rock ratio of 1:1
and then a “titration” adding a gas made of 98 % CO2 and 2 % H2S, according to the gas composition
expected in to the reservoir. The titration was carried out at temperature of 90, 120, 150, 200 and 250
°C (Figure 4-39 to Figure 4-43), to cover all the possible expected temperature range of liquid water
around the reinjection well. The findings of the equilibrium model are that the possible secondary
minerals are: boehmite, calcite, dolomite, magnesite, magnetite, and pyrite. At low temperature is
noteworthy to point out the formation of montmorillonite as secondary mineral, representative of the
argillification process.
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The presence of calcite, always in low amount due to lack of calcium in the sample, is no longer
possible at higher temperature and disappear while increasing the temperature between 150 and 200
°C. According to the experimental results, secondary minerals are made of only quartz/amorphous
silica, boehmite and pyrite but we have no clear evidences of carbonate minerals.

Figure 4-39. Reaction progress of FB2 rock, water/rock ratio 1:1, T = 90 °C.

Figure 4-40. Reaction progress of FB2 rock, water/rock ratio 1:1, T = 90 °C.
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Figure 4-41. Reaction progress of FB2 rock, water/rock ratio 1:1, T = 150 °C.

Figure 4-42. Reaction progress of FB2 rock, water/rock ratio 1:1, T = 200 °C.
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Figure 4-43. Reaction progress of FB2 rock, water/rock ratio 1:1, T = 250 °C.

4.3.2 Kinetic modelling with TOUGHREACT
In order to prepare and calibrate the geochemical kinetic model for the reservoir application, we
carried out a series of 0-dimensional (i.e. single cell) models with TOUGHREACT v2, using the following
settings:
•
•
•

FB 2 sample, phylladic unit,
single cell model (1 m3),
water/gas/rock ratio taken from experimental condition and inserted into the model as
porosity (water + gas space over total volume of the reactor) and gas saturation (gas over liquid
+ gas space of the reactor),
• P, T taken from experimental condition,
• Thermodynamic
database
for
TOUGHREACT
Thermoddem
V1.10
(http://thermoddem.brgm.fr/),
• starting reaction area taken from pore surface area measured
The FB2 sample pore surface area was measured using the Mercury Injection Capillary Pressure System
(MiCP) and as results give the bulk rock porosity and the pore surface area, that results in 1.033 m2/g
with the Cylindrical and Plate model. The pore shape Cylindrical and Plate model is the better fitting
the sample, given that the mineralogy mainly consists of mica and clay minerals. Its idoneity to the
FB2 sample was then confirmed after a comparison with the electron microscope image.
The kinetic model could be calibrated by investigating both water and solid composition evolution
after the experiments, but due to the error in the XRD determination it is suitable only for large
changes, and the same is true for the gas mixture pressure drops (the latter could be affected by
leakage of the system too), thus for a low reactive rock like FB2 resulted from the experiments, the
more sensible data available are the water compositions. About the mineralogical composition, we
can observe that in the experiments concerning FB2 no new mineral except pyrite were clearly
discovered as result of the interaction between the solid and the fluid. Lepidocrocite, dimorphous with
goethite, was observed in experiments without H2S, while magnetite is part of the original rock; here,
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for the TOUGHREACT modeling we do not account for goethite since we use an H 2S rich system, but
this effect should be kept in to account for other uses.
Boehmite is needed to allow aluminum oxide/hydroxide precipitation, and it was seldomly observed
as experimental results. Magnesite is used in the model as end-member of carbonates, that if formed
should be Mg-rich because calcium is scarce in this system, and iron is controlled by pyrite, thus the
only possibility to have carbonate minerals is in magnesium rich carbonates, that even tough were not
clearly observed in the experimental results could not be excluded from the system evolution.
To be able to perform an accurate calibration, we first measured a “Zero Point”, defined as the water
composition after being in contact with the rock for a short time (10 minutes) as described in the
experimental section. The resulting composition is reported in Table 4-7:
Table 4-7. Zero point composition.
pH
CO3-2
FB2
9.13
0.61

HCO39.15

Cl2.35

SO4-2
28.3

Ca+2
1.24

Mg+2
0.63

Na+
9.62

K+
9.30

The composition of this water is due to soluble salt and fast ion exchange with the pure water (milliQ
grade) used, and in the kinetic model and later on is used as starting water composition for the
modeling activity. The use of this “Zero point” water composition allows to not overestimate the
kinetic reaction rate of the minerals because a relevant amount of ion could be not part of the reaction
contribution but due to very fast process that are not accounted for during the reaction path modeling.
Using the mineral assemblage mode of primary minerals and the secondary minerals discussed so far,
here reported.
Primary minerals: anorthite, chamosite (daphnite), illite, paragonite, clinochlore, quartz (alpha),
(magnetite).
Secondary phases: magnetite, magnesite (nature), boehmite, pyrite.
Using the single cell TOUGHREACT model as described, we were able to model all the experimental
results presented in the Appendix, and therefore to calibrate the reaction kinetic of the system. Of
particular interest is the experiment series at 90 °C, that have a data series at 6 hours, 2 days and 5
days. This experiment, with the Zero point, shows a clear trend in the studied time range that can be
used for a calibration of the reaction surface and the reaction rate of the system. The other
experiments have a general problem since they are almost all done within 5 days, the dependence
over time is not clear, but it could be evidenced in this series.
In Figure 4-44 is shown the modelling results with the experimental results at different times. The
calibration of the geochemical model falls within the analytical error (taken at about 5 %) but for the
point at 5 days for K+ (that resulted higher than modelled) and Mg+2 (that resulted lower than
modelled). The Mg+2 diminution after 2 days is here attributed to magnesite phase precipitation, that
however was not observed in the experiments, while the increase of K could be attributed to the
potassium present in the phengite phases that is probably not very well represented in to the model.
In the modeling, the illite dissolution reach stability at earlier times, and the only phase still dissolving
after 5 days is paragonite. An alternative hypothesis is that an ion exchange K+ - Mg+2 could take place,
but this seems not very probable. However, we have not enough data to go in such detail, and the
model calibrated so far (including magnesite as representative of Mg-carbonate minerals) produced
good results in the calibration process and it is not too complex for the full-scale reservoir use.
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Figure 4-44. Evolution in time of FB2 at 90 °C.

4.3.3 TOUGHREACT model of Qualtra 2 geothermal prospect
In this section we discuss the reactive flow model of Mensano geothermal prospect, carried out with
TOUGHREACT v2 (Xu et al., 2012).
In many cases of reinjection, not only in geothermal fields, it is possible that a significant part of the
injectivity is lost due to silica or other secondary minerals (e.g. carbonates, pyrite) deposition in the
formation close to the wellbore.
To forecast the possibility of scaling process and loss of injectivity in the injectors, we should identify
the factors and processes that cause the secondary minerals deposition in the near-well formation,
and the extent of their effect using TOUGHREACT. These factors include the brine injectate
composition, the temperature of the injectate, the flow rate of the injectate, and the temperature and
pressure conditions of the reservoir in the vicinity of the injector. Xu et al. (2004) conducted a large
number of numerical simulations to reproduce the loss of injectivity and its recovery by acid injection.
In the present case, we have a working production model that describes the evolution of the
geothermal field during exploitation starting from a calibrated steady state; however, the real
permeability at depth is unknown. We only have a guess of the permeability, and the same is true for
the rock composition of which we have a complete study but of the analogue outcrops that more
probably is present as reservoir rock. Of this reservoir rock, an experimental study of reactivity was
carried out (Appendix) that allowed to have a kinetic reaction model of the fluid-rock interaction.
The kinetic model calibrated in section 4.3.2 is directly exported in the TOUGHREACT format, after
adding it to the input files of TOUGH2. To do so, we added the REACT block in to the flow.inp file, while
the kinetic model keeps being written in the chemical.inp file; the solute.inp file provide the detail on
coupling the chemical system with the flow system, and regulate the porosity/ permeability feedback
and the coupling of the CO2 mass balance between the chemical system and the fluid flow. The
chemical system is able to read the correct amount of CO2 from the fluid flow model, while the H2S(g)
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is defined in the chemical systems about 2 % weigh with respect to the injected CO2. In this model we
used the above mentioned “Zero point” water composition as boundary water to be injected in the
system, since no liquid zone is present in the reservoir prior to the reinjection. In our case, the
feedback of the chemical reactions could only qualitatively defined since we do not have a field
experience comparison; however, the influence on fluid flow is limited by the relatively low reactivity
of the reservoir rock and there is not an observable change in the CO 2 plume due to the porosity
increase, conversely the precipitation of secondary minerals at the border of the liquid zone negatively
affect the permeability resulting in a slight increase of the pressure (less than 2 bar). However, this is
only a general trend and the influence on permeability could be more important in particular if the
permeability of the system is lower than expected the secondary mineral precipitation would be more
focused at the border of the liquid zone resulting in a stronger permeability reduction.
The main reaction occurs starting from the reinjection wells, that are deviated. The first liquid zone
formed goes nearly vertical from the top of the well open section thanks to the relatively high
permeability, and then it develops downwards from the well open section trajectory. The developing
of a two-phase zone, in which a liquid phase is present and allow fluid rock reaction to progress, is a
very fast process and start at high temperature due to the pressure of the reinjected water column;
we could point out here that at 100 bar the boiling point of water is at about 311 °C, thus the presence
of a two-phase zone start almost immediately after starting the reinjection due to both cooling down
and pressure increase, and then enlarge during the 20 years of planned injection.
The primary minerals assemblage identified so far consist of anorthite, chamosite (daphnite), illite,
paragonite, clinochlore and quartz and magnetite that have a role as secondary minerals too. The
evolution of primary minerals, with the exception of quartz and magnetite, show a homogeneous
trend in which they dissolve and the dissolution process start from the earlier liquid zone following
the expansion of the liquid zone, while continuing to increase in the dissolved amount over time. In
Error! Reference source not found. to Figure 4-47 the dissolution of anorthite, chamosite, clinochlore
(chlorite), paragonite and illite is shown comparing the volume fraction distribution (only for the liquid
and 2-phase zone) after 140 days and 20 years.
Quartz and magnetite are present in the original rock, even though magnetite was found but not
quantified. Indeed, the quartz phase will reprecipitate as the other primary minerals dissolve, but the
original quartz may dissolve in the central zone due to the silica undersaturation of the reinjected
water that easily reach high temperature starting from the planned reinjection temperature of about
90 °C. In Figure 4-48 we can observe the quartz volume fraction distribution change from 140 days and
20 years after the start of reinjection, with a depletion zone around the central part of the liquid zone
(i.e. the main vertical downflow) and a re-precipitation on the border of the liquid zone due mostly to
water evaporation, in which the quartz reaches a volume fraction higher than the starting values
evidenced by the red cube.
In Figure 4-49 the magnetite volume fraction distribution change from 140 days and 20 years after the
start of reinjection, and it have a similar fate to quartz but it is competing with pyrite. In particular, the
iron from the dissolution of primary minerals (chamosite) tend to precipitate as pyrite and the overall
process results in the depletion of magnetite. Pyrite is later dissolved as the acidic zone due to CO2
advance, as shown in Figure 4-50, and the main impact of pyrite could be on early stage injectivity,
since its precipitation is very fast and locater at the periphery of the injection zone thus leading to a
barrier effect as reported in other cases in literature (e.g. Cantucci et al., 2014).
Magnesite shows a similar behavior as barrier, precipitating mostly at the border of the liquid zone as
results of Mg dissolution from primary minerals (chlorite) as shown in Figure 4-51.
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Figure 4-45. Evolution of chlorite volume fraction distribution in the liquid zone. Figure on left, after 140 days, on right after
20 years.

Figure 4-46. Evolution of paragonite volume fraction distribution in the liquid zone. Figure on left, after 140 days, on right
after 20 years.

Figure 4-47. Evolution of illite volume fraction distribution in the liquid zone. Figure on left, after 140 days, on right after 20
years.
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Figure 4-48. Evolution of quartz volume fraction distribution in the liquid zone. Figure on left, after 140 days, on right after
20 years

Figure 4-49. Evolution of magnetite volume fraction distribution in the liquid zone. Figure on left, after 140 days, on right
after 20 years.

Figure 4-50. Evolution of pyrite volume fraction distribution in the liquid zone. Figure on left, after 140 days, on right after
20 years.
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Figure 4-51. Evolution of magnesite volume fraction distribution in the liquid zone. Figure on left, after 140 days, on right
after 20 years.

4.3.4 Conclusions
The results from the TOUGHREACT model of fluid-rock interaction show that secondary minerals
precipitation, led by fast minerals like pyrite, Mg-bearing carbonate (here represented by magnesite)
and secondary quartz may result in a reduction of injectivity due to precipitation at the border of the
liquid zone, due to both the less acidic condition and the water boiling. This effect is expected to be
stronger as the permeability get lower, and it is a peculiarity of a total reinjection system since it is led
by the presence of NCG in the reinjected fluid. The presence of CO2 allows the (little) dissolution of
primary minerals and the consequent precipitation of carbonates, and the presence of H 2S allow the
precipitation of pyrite from both the iron dissolved from primary minerals and the iron oxides present
in the host rock. The volume balance of the alteration process is negative, thus resulting in a porosity
increase, but the secondary mineral precipitation tends to be focused to the border of the reinjection
(liquid) zone due to less acidic pH compared to the central part and the water boiling.

4.4 The conceptual model for the injection of the gas mixture
The main issue of a total reinjection system is the fate of NCGs and their behavior once reinjected in
the reservoir, in particular when the NCGs content is higher and the NCGs are more reactive, e.g. with
high CO2 and H2S content.
In this study we simulated the total reinjection of a fluid with 8 % w/w NCG phase made of 98 % CO2
and 2 % H2S, and then investigated the behavior of the reinjected fluids.
During the total reinjection, a NCG plume develop, and migrate both upward and toward the
production wells. The NCG plume could shortcut the reinjection and production wells, thus reducing
the production. This critical factor is characteristic of a total reinjection system and should be
accounted for in the well positioning to reduce the possibility it occurs during the lifetime of the
exploitation plan.
Looking at the reaction that may occur during the reinjection, we observed that secondary mineral
precipitation may reduce permeability (and injectivity) of the system. This effect is expected to be
stronger as the permeability get lower, and it is a peculiarity of a total reinjection system since many
reactions may be triggered the presence of NCG in the reinjected fluid. The presence of CO 2 creates
an acidic environment that start the dissolution of primary minerals and the consequent precipitation
of carbonates, and the presence of H2S allows the precipitation of pyrite. These effects are
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characteristic of the total reinjection system, while precipitation of secondary minerals due to
reinjected fluid heating up while progressing into the reservoir up to boiling is not.
Keeping in mind the potentially problematic effects before mentioned, we found that a total
reinjection system is possible in the Qualtra geothermal project due to the relatively low reactivity of
the reservoir rock and by a careful handling of the NCG plume that develop at the reinjection wells.
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5. GERMAN DEMO SITE
5.1 Geological modelling
5.1.1 Modelling concept
Understanding of transport paths during the planning of the demo site is complex due to
heterogeneities in the subsurface and a widespread branching mine dewatering system. Based on the
extensive mining situation in the Ruhr area within a complex geologic setting a stepwise modelling
concept was developed (Figure 5-1). To avoid any bubbling point during future field experiments, noncritical pressures are used, i.e. 1 bar (in addition to atmospheric pressure) of pure CO2 is artificially
added to the deep groudwater via the fluid reactor (designed within WP 8) at the surface via stirring
until equilibrium is reached and then pumped into the borehole via a closed pipe. No free gas phase
is expected. The modeling is designed for future field experiments where CO2–mineral transformations
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can be observed at small scales. At present, siderite appears to be a suitable candidate for CO2 fixation
(chapter 4.3).
The conceptual model was developed using maps and cross sections, existing data and data gathered
during the field investigation of previous studies. It forms the basis for the understanding of the
groundwater occurrence and flow mechanisms of the GECO site and also for the numerical
groundwater modelling. The workflow used to translate the conceptual model to the simulation model
is shown in the following sections (5.1.2, 5.1.3, 5.1.4).

Figure 5-1. Stepwise modelling concept developed for reservoir modelling and sensitivity study of the demo site.

The concept comprises the following 3 scales with an increasing level of detail:
▪ Regional scale (>10,000 km²)
The regional scale includes geology and the transient mining (dewatering) influence in the
regional area. Large scale transient groundwater models have been built to analyse the
regional flow system. They deliver boundary conditions for the site scale.
▪ Site scale (~5 km²)
The site scale models the detailed underground pilot plant at the GECO site within a local
geological setting. It enables planning, dimensioning and optimization of the storage system in
terms of the infiltration and production cycle.
▪ Local scale (<1 km²)
At the local scale different parts of the pilot plant are modelled with a high detail. It is used to
estimate local effects like the influence of fractures.
Major influencing parameters of the demo site are shown in Figure 5-2.
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Figure 5-2. Significantly influenced paramters that are identified and modified in a sensitivity study.

5.1.2 Regional scale
The regional scale consists of the existing groundwater model “Münster Cretaceous Basin” (Figure 5-3)
built by delta h.

Figure 5-3. Groundwater model “Münster Cretaceous Basin”.

With an area of about 14,000 km², the 3D groundwater model covers the whole Cretaceous Basin in
Münsterland and delivers information about the regional geology as well as the influence of the
complex mining setting. Modelling the impacts of mine dewatering and flooding on a regional scale as
for the basin presents many challenges including the appropriate discretization of mine voids and the
accurate modelling of layered aquifer systems. To predict the environmental impacts of both the
historic mining activities and future operations, a detailed conceptual model of the aquifer systems
and a 3D model of the mining areas were incorporated into a numerical groundwater model. This
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model was used to simulate the dewatering and post-closure rebound of the water tables in the
vicinity of the mine.
Groundwater enters the model domain as a direct recharge from rainfall. The deeper aquifer is
recharged by limited vertical seepage from the quaternary aquifer. Water leaves the model domain
via perennial and non-perennial rivers and “shallow” groundwater flow in the upper aquifer system.
Notwithstanding the type, all surface water drainages were classified as continuously gaining river
courses with no exfiltration of water allowed.
The underground mine workings were integrated into the model domain as drains on a separate model
layer aligned to the depth of the mine voids. Groundwater is only allowed to discharge into the
underground mine voids and it is assumed that any groundwater entering the mine voids is removed
(pumped out) from the model domain.
As the Carboniferous rock crops out in Bochum, the model had to be extended in the south to cover
the GECO site (Figure 5-4) as mine dewatering can also influence the deep groundwater flow regime
at the demo site.

Figure 5-4. Cross section through extended groundwater model “Münster Cretaceous Basin”; coloured by regional geology.

5.1.3 Site scale
The 3D site scale model covers an area of ~5 km² with a vertical resolution of 63 layers. In contrast to
the regional scale it includes a detailed geologic layer distribution with the local syncline structure and
coal seams at the demo site (Figure 5-5).
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Figure 5-5. Location of the site scale model (inset at the top) in correlation to the regional model (red area in the background
map). Indication of dewatering provinces at different flooding levels are show by black lines and the boundary of the
regional model in purple.

In accordance with the developed conceptual model, the upper model layer simulates the upper
aquifer system and the lower layers represent the deeper underlying aquifers and aquicludes.
Like the regional scale mode, groundwater enters the model domain as direct recharge from rainfall.
Water leaves the model domain via perennial and non-perennial rivers and “shallow” groundwater
flow in the upper aquifer system. Notwithstanding the type, all surface water drainages were classified
as continuously gaining river courses with no exfiltration of water allowed.
The regional mining influences are assigned as boundary conditions taken over from the regional scale.
It models the local aquifer system and includes the locale fault system and the infiltration and
production wells.

5.1.4 Local scale
Carboniferous rock at the site is highly fractured. Groundwater flow takes place in the fracture network
where advection and gravity forces are the dominant processes. For characterization of flow and
transport phenomena in the fractured rock on a local scale, it is necessary to model a discrete fracture
matrix system (König and Rosen, 1998).
The local fractured Carboniferous rock is exposed in a sandstone pit close to the site. Measurements
of the local carboniferous fracture data have been performed by Witthüser and Himmelsbach (1997)
including a tracer test between two boreholes.
The results were analysed to get the statistic parameters for a stochastic fracture generation which
was performed in a local model domain (Table 5-1).
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Table 5-1. Statistical parameters of the measured clusters.

cluster

orientation in space

spherical angle Q

spherical
variance φ

concentration
parameter k

I

(a,f) = (274°,88°)

8.2°

0.95

16

II

(a,f) = (71°,6°)

8.2°

0.95

17

III

(a,f) = (309°,4°)

12.3°

2.35

16

The clusters of preferred orientations are determined by identifying their respective maximum
densities and choosing an appropriate selection angle for each cluster. A symmetrical Fisher (i.e.
spatial normal) distribution is assumed for each cluster. The Fisher distribution is based on a unimodal
distribution function, which describes the variation of vector orientation from a principal direction.
The basis for this function (Eq. 5-1) is a spherical normal distribution that is characterized by a circular
symmetrical arrangement of data around a vector (Wallbrecher, 1986). It has the density function f.
The spherical angle φ is the angle between the mean value and the observed value. The concentration
parameter κ depends on the number of random samples.
κκcosϕ

f(ϕ, κ) = 4π sinh κ

[𝐸𝑞. 5 − 1]

The lengths are generated stochastically using log-normal distribution. Figure 5-6 shows the fitting of
fracture trace length by log-normal distribution. To give the fracture an irregular shape the four lengths
are generated separately to define the corners of the fracture plane.

Figure 5-6. Fitting of the empirical trace lengths by log-normal distribution (Witthüser, 1996).

In the local model fractures are generated using the analysed statistical data and are approximated by
plane elements. The volume elements of the surrounding porous rock matrix are generated by means
of a layer technique (Figure 5-7).
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Figure 5-7. Fractures in a three-dimensional mesh using layer technique.

With a fixed potential head assigned at the inflow and outflow boundary (potential head inflow: 100 /
outflow: 50 m.a.s.l.), a combined hydraulic conductivity (porous media/fractures) can be calculated
and transferred to the site model (Figure 5-8).

Figure 5-8. Hydraulic conductivities estimated by stochastic fracture generation (Carboniferous).

The lithological information was taken from well logging data, cuttings and outcrops. Due to
complexity, the lithology was divided into 12 layers (claystone, siltstone and sandstone).
The tectonic folding was realized using structural data from the Geological Survey of North RhineWestphalia. For this purpose, the structural layer was adapted to the previously defined well lithology
by applying an offset and in this way the geological layers were generated over the entire model area.
The result is shown in Figure 5-9. The model dimension is 1,000 * 1,000 * 500 m. The surface resolution
is 15 m.
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Figure 5-9. Leapfrog-Model of the geological situation for the Bochum site generated from well logging data, cuttings and
outcrops. View from SW.

The geological layers were transferred to SPRING by a 10 m grid. The lithology was enhanced to 5 units
(claystone 1/2, sandstone, fault 1/2/3 and mixed layer material).
In addition, the locale fault-system with 3 major faults was added. The faults are integrated as 2Dfracture elements. The resulting geological model consists of 256,028 total elements with 12 layers
(Figure 5-10).
To estimate the influence of lithology and fracture system, hydraulic conductivity of the layers and the
opening width of the fracture system are modified in the sensitivity study (5.2.2).
Figure 5-10 and Figure 5-11 show the final geological model (site scale) modelled in SPRING. The
figures illustrate the complex folded Carboniferous with its locale syncline structure at the location of
the demo site crossed by 3 major faults.
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Figure 5-10. Geological model (site scale) with fault system in SPRING (coloured by lithology, well locations are indicated
as red spheres, buildings of the University of Bochum in black). View from SW.

Figure 5-11. Visualization of the folded Carboniferous with an inclined syncline structure at the demo site. View from W.
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5.2 Reservoir modelling
In order to represent geology, demo site infrastructure and transport plume accurately, a refined 3D
model was chosen. The model domain was discretised by a finite element mesh. While the geological
model comprises 12 element layers, the reservoir model is locally refined and comprises 62 element
layers and a total of 1,874,943 nodes and 1,839,664 elements. The difference in vertical discretisation
of both geological reservoir model are shown in Figure 5-12.

Figure 5-12. Comparison between the 2 different finite element meshes: basic geological model at the top and locally
refined reservoir model at the bottom. View from W.

The top elevation of the model is based on the 1 m Digital Elevation Model (DEM) covering the model
domain. Elevations of the stratigraphic planes were taken from the geological model representing the
different lithological units.
The bottom of the model was assigned to a constant level at -500 m a.s.l. (above sea level). The
integrated demo site infrastructure (production/infiltration wells) are based on information supplied
by Fraunhofer IEG (Figure 5-13).
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Figure 5-13. Reservoir model (site scale) with location of the injection and production wells. View from SW.

5.2.1 Petrophysical properties
Table 5-2 shows the typical geophysical rock properties (hydraulic conductivity, porosity, thermal
conductivity and specific heat capacity) defined for the Upper Carboniferous of the Ruhr district used
for this modelling (Koch et al., 2011; König et al., 2017).
Table 5-2. Typical rock properties defined for the Upper Carboniferous of the Ruhr district (delta h. 2018).

Geological Unit
Sandstone
Hard coal
Claystone
Siltstone

Hydraulic parameters
Hydraulic
conductivity [m/s]
5*10-6
3*10-8
1*10-9
5*10-7

Porosity [-]
0.06
0.03
0.02
0.04

Heat transport parameters
Geological Unit
Sandstone
Hard coal
Claystone
Siltstone

Thermal conductivity
[J/(s∙m∙K)]

Specific heat
capacity [J/(kg∙K)]

3.20
0.26
2.40
2.25

900
900
1000
1000

Based on the calibrated groundwater model, conservative tracer transport calculations were
performed. Both infiltration and production wells are integrated with flow rates of 400 l/min and a
50 m perforated screen at their deepest points. The temperature of the injected fluid is 10 °C. The
infiltration well (FEcampus_R2) reaches a depth of 500 m below surface. The production well
(FEcampus_O4) reaches a shallower depth of 185m below ground (Figure 5-15).Error! Reference
source not found.
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Figure 5-14. Cross section with calculated groundwater potential head with integrated well system.

Figure 5-15. Left: Demo site configuration with infiltration well R2 (FEcampus_R2 red) and production well O4
(FEcampus_O4 blue), Right: Detailed view with buildings of Fraunhofer IEG Bochum (light grey).

To get a first general impression of the system and its pathways, a scenario with uniform hydraulic
conductivities (k=1x107 m/s) and a relatively closed fault system (b=0.0005 m) was calculated.
Figure 5-16 shows the calculated concentrations after 1, 2, 8 and 10 months. With the continuous
injection, the tracer is distributed spherically around the injection point. As soon as the faults are
reached by the plume, it also migrates into it in a northern direction. However, as the faults are
relatively impermeable, they show only a minor influence to the concentration plume.
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Figure 5-16. Calculated tracer concentrations after 1, 2, 8 and 10 months with uniform hydraulic conductivities and fracture
opening width b=0.0005 m.

Figure 5-17 shows the development of the concentration plume with the same uniform hydraulic
conductivities of 1x107 m/s but with 10 times larger opening width of the fault system (b=0.005 m).
As soon as the fault system is reached by the plume front, the plume clearly migrates upwards.
Because of the larger opening width, the fault system shows a bigger influence and develops
preferential pathways. After 6 months the plume reaches the production well.

Figure 5-17. Calculated tracer concentrations after 1, 2, 8 and 10 months with uniform hydraulic conductivities and fracture
opening width b=0.005 m.
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Figure 5-18 shows the development of the plume with the layer specific hydraulic conductivities of the
calibration model and an opening width of the fault system of 0.005 m.
With continuous tracer injection, the tracer is distributed around the injection point preferring higher
hydraulically conductive layers. As soon as the fault system is reached by the plume front, the plume
clearly migrates upwards and is distributed towards direction of the production well. The dominant
fracture system is considered as preferential pathways. After 5 months, concentrations increase at the
production well after it is reached by the plume.

Figure 5-18. Calculated tracer concentrations after 1, 2, 8 and 10 months with layer specific hydraulic conductivities and
fracture opening width b=0.005 m.

5.2.2 System sensitivity
The challenge in modelling the fracture system is based on a large number of unknown parameters
and a small number of measured and known parameters for the Upper Carboniferous of the Ruhr
district. The aim of the sensitivity analysis at this point is to assess the understanding of the hydraulic
model and the dynamics of the system, as well as to identify sensitive parameters which have a critical
effect on the system.
Basic parameters influencing the numerical model described in Figure 5-2 are the hydraulic
conductivity, boundary inflows and outflows as well as the position and flow rate of the two-well
system. Reliable parameters of the model are the geometry of the fault system as well as the geological
layers (stratigraphy). Unknown, however, is the exact permeability of the local Carboniferous layers,
for which a bandwidth can be defined.
Sensitivity analysis has been conducted to assess the impact of uncertainty associated with assigned
model parameters. The calibrated groundwater flow model was used as the basis with the following
input parameters varied:
▪ Saturated hydraulic conductivities of the Upper Carboniferous
▪ Fault system permeability (opening width)
▪ Flow rates of the injection-/production wells
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The values of these parameters were subsequently varied within reasonable boundaries and
reassigned to the numerical model to reflect the uncertainty associated with their determination. The
standard approach of numerical model sensitivity analysis was followed by multiplying the parameter
with fixed constant values according to Table 5-3. The assumption of an “open” fracture and fault
system is based on the fact that the fracture fillings are known from core drillings of the FEcampus_R1
well and that these are partially filled with dolomite (see Deliverable D 2.1).
Table 5-3. Parameter variations for the sensitivity study, Bochum site. The unusual high opening width of 0,005 m of the
fault system is based on observations of rock cores from the site (mixed areas of dolomite and voids) (Olschowsky, 2020)
*calibration scenario as reference.

Hydraulic conductivities
Carboniferous [m/s]

Fault opening width b
[m]

Injection and production rate
[l/min]

x0.1

0.0005

200

x1*

0.005*

400*

x10

0.01

600

Figure 5-19, Figure 5-20 and Figure 5-21 show the results of the sensitivity analysis by tracer
breakthrough curves at the production well. The transport process was calculated by the use of an
ideal, conservative tracer (injection of 100 g NaCl).

BREAKTHROUGH CURVE PRODUCTION WELL
FAULT SYSTEM
Opening width x 0.1

Reference

Opening width x 5

100
90
80

CONCENTRATION [%]

70
60
50
40
30
20
10
0
0

10

20

30

40

50

60

TIME [MONTHS]

Figure 5-19. Modelled breakthrough curve at the production well for an ideal tracer by variation of fault system opening
width.

236

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

Figure 5-19 shows tracer concentrations in comparison to different fault system permeabilities. As
expected, high permeabilities lead to high recovery rates while low permeabilities cause low recovery
rates at the production well. However, decreasing the fault permeability has a higher effect at the
expansion of the concentration plume in the model. The reason is that the fault system works as a
preferential pathway. It generates specific migration routes that support higher contaminant fluxes
compared to the surrounding rock. If such pathways are limited, migration along the fault system is
reduced.

BREAKTHROUGH CURVE PRODUCTION WELL
HYDRAULIC CONDUCTIVITY
Hydraulic conductivity x 0.1

Reference

Hydraulic conductivity x 10
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TIME [MONTHS]

Figure 5-20. Modelled breakthrough curve at the production well for an ideal tracer by variation of hydraulic conductivities.

Figure 5-20 shows the effect of varying hydraulic conductivities to the tracer distribution. A scenario
with globally 10 times higher hydraulic conductivities results in a minor decrease of recovery rates
while globally reduced hydraulic conductivities lead to higher recovery rates at the production well.
As distribution is dominated by the fault system, the effect of hydraulic conductivity changes is
subordinated. However, if the permeability contrast between fault system and surrounding rock
increases (higher fault permeability and/or lower rock permeability), preferential pathways dominate
even more and the plume can migrate faster in the direction of the production well.
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BREAKTHROUGH CURVE PRODUCTION WELL
SYSTEM FLOW RATE
Well flow rate x 0.1
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Well flow rate x 5
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Figure 5-21. Modelled breakthrough curve at the production well for an ideal tracer by different system flow rates.

Figure 5-21 shows the effect of different system flow rates to the tracer distribution. Higher flow rates
lead to an increased tracer migration along the fault system and result in higher recovery rates. Lower
flow rates do also decrease the tracer migration in the direction of the production well. For a practical
field-experiment high injection rates are recommended, since the tracer can be recovered within a
short period of time. However, when considering the mineralization at a later stage, long residence
times of the solution are needed, as mineral growth is kinetic and therefore slow.
The results of the sensitivity analysis show that the simulated tracer distribution proved to be highly
sensitive to parametrisation of the fault system as well as the assigned hydraulic conductivity values
for the different formations, which are at this stage not yet sufficiently assessed for the wider area of
interest. Hydraulically open faults (in contrast to the surrounding rock) can dominate the system if
they are reached by the concentration plume. Despite this, migration requires two conditions –
pressure and flow. If tracer tests support a hydraulically active fault system, migration could be
controlled by the system flow rate. Reducing flow rates at both wells also reduces the migration radius.
A relocation of the production well closer to the infiltration well could also supress upwards migration.
At the time of writing, the details of the injection fluid have not been defined.
Preliminary PHREEQC-calculations with a hypothetic fluid with 10 °C and 25 bar (compare composition
of Table 1-1) show the following results below. The excerpt of the output log shows that most of the
CO2 under high pressure is non-complex-bound and a small part is speciated in the form of complexes
like hydrogen carbonate or sodium hydrogen carbonate. There are 44.2 g CO2 per kg water dissolved.
The total C(4) in this calculation (including complexes) has an amount of dissolved 45.9 g C(4) per kg
water. The density is 1.01483 g/cm³ and the acidity is pH 4.524.
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PHREEQC-Input-Code:
SOLUTION Robert Müser
pressure 25
temp 10
pH 7.28
pe -3
units mg/l
Ba 1.1
B 2
Br 2
Ca 128
Cl 1640
Fe 11
Alkalinity 992 as HCO3
K 21
Mg 54
Mn 0.4
Na 1150
N(-3) 1.2
N(+5) 1
N(+3) 1.3
P 0.05
Sr 5.7
S(6) 85 as SO4-2
Cu 0.05
Zn 0.05
EQUILIBRIUM_PHASES
CO2(g) 1.398 # 25 atm
END

PHREEQC-Output-Log (excerpt):
pH
Density (g/cm³)
Volume (L)
Activity of water
Ionic strength (mol/kgw)
Mass of water (kg)
Total alkalinity (eq/kg)
Total CO2 (mol/kg)
Temperature (°C)
Pressure (atm)
Electrical balance (eq)
Percent error, 100*(Cat-|An|)/(Cat+|An|)

=
4.524
=
1.01483
=
1.03730
=
0.979
=
6.818e-02
=
1.000e+00
=
1.617e-02
=
1.120e+00
= 10.00
= 25.00
= -2.455e-03
= -1.97

Charge balance

----------------------------Distribution of species---------------------------Species

Molality

Activity

Log
Molality

Log
Activity

Log
Gamma

mole V
cm³/mol

C(4)
CO2
HCO3(CO2)2
NaHCO3
CaHCO3+
MgHCO3+

1.120e+00
1.078e+00
1.558e-02
1.263e-02
3.172e-04
1.879e-04
1.642e-04

1.095e+00
1.270e-02
1.283e-02
3.222e-04
1.542e-04
1.314e-04

0.033
-1.807
-1.899
-3.499
-3.726
-3.784

0.039
-1.896
-1.892
-3.492
-3.812
-3.881

0.007
-0.089
0.007
0.007
-0.086
-0.097

33.66
23.54
67.32
1.80
9.13
5.14
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Figure 5-22 shows the calculated pressure field at the initial state before and 10 months after the
injection starts with 400 l/min and 10 °C. As expected, pressure increases at the injection point.
However, a locale pressure drop can be observed in the area between the infiltration point and the
fault system. This is an effect of both the temperature decrease at the infiltration well and the
production well with its connection to the fault system.

Figure 5-22. Flow field and pressure before (left) and after (right) initiation of 400 l/min injection of 10°C cold water at -500
m below ground surface.; nearby fault system indicated in black.

Figure 5-23 shows the calculated temperatures at the initial state before and 10 months after the
injection starts with 400 l/min and 10 °C. The initial temperature at the shown elevation of -500 m
below ground surface is 19 °C. As the temperature of the injected fluid is lower, a cold plume develops
around the injection well.

Figure 5-23. Flow field and temperatures before and after initiation of 400 l/min injection of 10°C cold water at -500 m
below ground surface; nearby fault system indicated in black.

Figure 5-24 shows the CO2 mass fraction distribution with a plume development around the injection
well heading to northwest into direction of the fault system. As the production well is connected to
the fault system, the plume follows the direction of the pressure gradient.
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Figure 5-24. Flow field and CO2 mass fraction distribution after initiation of 400 l/min injection of 10°C cold water at -500
m below ground surface; nearby fault system indicated in black.

5.3 Geochemical modelling
To investigate the potential efficiency of the CO2 storage in the Bochum Upper Carboniferous
subsurface, geochemical reaction modelling was a necessary tool to calculate speciation, mole
transfers and equilibrium reactions within batch reactions and interconnected reaction steps during
the fluid preparation on the surface, the fluid composition shortly after injection and its possible
interaction with the fractured rock aquifer rocks. In addition, results of the modeling will help to
predict the modified deep groundwater composition and lime-carbonic acid equilibrium changes
caused by the injection into the aquifer.
The archives of the Bochum monitoring program already provide water analyses that are suitable for
modeling purposes. Due to the lack of samples from deeper sandstone layers, a water analysis
collected from groundwater observation well O4 (Table 5-4, approximately 186 m depth below ground
level, Upper Carboniferous sandstone) was modeled to evaluate a future geothermal fluid-injection
operation using the hydrogeochemical modeling software PHREEQC 3 (Parkhurst and Appelo, 2013).
The groundwater shows a relatively low salinity between freshwater to brackish water, therefore it
was modeled with the PHREEQC.dat database, which is based on the extended Debye‐Hückel equation
(theory of ion dissociation), instead of the PITZER.dat (PITZER equations for high salinities).
Table 5-4. Groundwater sample analyses of wells O3 and O4 for comparison. Analysis O4 has been used in the reaction
path modelling.
GW-Observation GW-Observation
Well O3
Well O4
Depth (m b.g.l.)
96
173
Temperature (°C)
12.3
12.9
Redox (pe)
-0.78
-4
pH
7.06
8.45
Ion balance error (%)
-1.03
-4.6
Sampling date
07.04.2020
04.08.2020
cations / anions (mg/L)
Na+
11.11
144.4
K+
6.872
10.842
Mg2+
21.86
3.648
Ca2+
55.15
6.573
Ba2+
0.068
0.286
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Sr2+
Fe(total)
B3+
FAl3+
Si
ClSO42HCO3NO3-

0.904
0.958
0.218
0.167
0
8.772
12.038
32.826
265.42
0

0.263
0.029
0.626
0.051
0.022
5.19
48.486
3.261
39356
0

The criterion for accurate modeling is a comprehensive water analysis with a low ion balance error
(rule of thumb: below 5 %). It consists of temperature, acidity as pH, redox state, the dissolved main
constituents, and trace constituents (anions and cations). The redox state is highly important for
modeling of the considered reactions, as Fe2+‐dependent mineral phases are important sinks for CO2.
The disadvantage of considering the redox states is that it is often not measured precisely in the field.
The redox electrode adjusts only slowly to a constant value.
Most of the available geochemical databases contain hundreds of mineral phases, but often there is a
lack of some desired elements (ions), species or mineral phases. In addition, many mineral solubilities
were determined only under laboratory conditions at 25 °C and 1 bar. For this reason, a temperature
of 25 °C was chosen for the subsequent modeling because the targeted reservoir is in the low
temperature level. The sandstones of the (not yet completed) well will probably reach a maximum
temperature of 20 °C (well bottom).
Fugacity coefficients for CO2 are obtained reliably with the Peng–Robinson equation of state for gases.
The equations described in Appelo et al. (2014), comprising a hybrid of published models to account
for volume as a function of temperature, pressure, and ionic strength, have been implemented in
PHREEQC, version 3. The parameters for calculating the molar volumes of aqueous species and the
fugacity coefficients of gases have been added to PHREEQC.DAT database. The program enables the
possibility to calculate the solubility of gases and minerals up to 200 °C, and up to 1000 atm. Appelo
et al. (2014) point out that these equations and parameterizations are suitable for wider applications
in hydrogeochemical systems, especially in the field of carbon capture and storage.
The subsequent models focus on 1) assessing the reactions that will occur within a fractured sandstone
reservoir at different pressures and oxidation states, 2) investigating the buffer potential of the
carbonic acid due to mineral dissolution, and 3) estimating the optimal conditions and injection rates
for the mineralization of CO2 fluid mixtures within the fracture system.

5.3.1 Modelling concept
To estimate the effect of CO2 injection into the subsurface a stepwise modelling concept was
developed:
•
•
•
•

Calculate flow field with consideration of two different flow scenarios (described
hereunder).
Characterize site specific fluid geo-chemistry
Perform chemical batch calculations
Reactive transport modelling

5.3.2 The Bochum reservoir flow
For the GECO injection experiments a Geo-Fluid/Gas-Reactor device will be connected to an open
hydraulic circulation loop system with 2 boreholes.
The reactive transport modelling is based on the reservoir model (Figure 5-25). For geochemical
modelling two different flow scenarios were considered (Figure 5-26):
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•
•

Scenario A describes a situation where the nearby fault system is closed, which means it
does not generate specific migration routes compared to the surrounding rock.
Scenario B describes a situation with hydraulically open faults in contrast to the
surrounding rock matrix that can generate migration pathways along the fault system.

Figure 5-25. Reservoir model (site scale) with location of both injection (FEcampus_R2) and production (FEcampus_O4)
wells indicated as black lines and regional fault system visualized as planes coloured by elevation. View from SW.

Figure 5-26. Schematic visualization of 2 different tracer plumes to show the effect of pressure and temperature changes
between closed (scenario A left) and open (scenario B right) fault system. View from SW.

The general circulation scheme of the site is shown in Figure 5-27. Water reaches the fluid reactor
from the production well. The reactor heats the fluid and enriches it with CO 2. An intermediate step
for treatment with oxygen (atmospheric or via the fluid reactor) will also be added because of siderite
precipitation (described later in this chapter). At borehole FEcampus_R2 the fluid is reinjected into the
reservoir.
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Figure 5-27. Circulation scheme for reactive transport modelling.

The groundwater flow of the system is calculated by SPRING (König et al., 2018). Figure 5-28 shows the
resulting flow field of both scenarios at an elevation of -500 below ground surface near the infiltration
well.

Figure 5-28. Calculated flow field after initiation at well FEcampus_R2 (-500 m below ground surface); nearby fault system
indicated in black for scenario A closed (left) and scenario B open (right).

With a closed fault system, flow paths are not affected within scenario A (Figure 5-28, left figure). The
infliltrated fluid migrates almost even into all directions. As it reaches the fault system in the
northwest, it is not affected and continues its flow direction.
In contrast to that, the open faults of scenario B (Figure 5-28, right figure) show an influence to the
flow paths as they are connected to the fault system. As soon as the faults are reached from south and
north, fluid migrates into them and moves along the faults.

5.3.3 The Bochum reservoir fluid chemistry
The main aquifers found in the groundwater observation wells of the area are located within the
Carboniferous fractured sandstones. Shallow groundwaters of the Carboniferous rocks in this region
are well documented from water samples of the ongoing GECO monitoring as well as from the former
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coal-mining era (see Deliverable D.2.1, Weisenberger et al., 2020). They are characterized as connate
waters with rising concentrations of the main cations and anions (Na+, K+, Ca2+, Ba2+, Sr2+, Mg2+
Fe2+/Fe3+; Cl‐, SO42‐, HCO3‐ and NO3‐) with increasing depth (Wedewardt, 1995).
There are some exceptions to be considered for the analysis taken from well O4 (Table 5-4). Sodium
has strongly increased with rising depth (compared to the analysis of well O3), whereas Ca and Mg has
decreased. Since the Cl content increases less than Na, it can be assumed that there is an unknown
cation exchange process that has replaced Ca and Mg ions in the solution with Na ions.
Usually the SO4 content drops to zero as the sulfur is reduced and remains in the solution as H2S. The
original source of sulfur is pyrite (FeS2) in the hard coal and/or anhydrite deposits in the west of the
Ruhr area (Zechstein evaporites). When organic matter decomposes, sulfide is released, which reacts
with dissolved Fe in the adjacent solution. Pyrite replaces embedded carbonate shell material due to
an undersaturation of the carbonate in the adjacent solution. In addition, plants become pyritized
when they embedded within clays. The process is known as pyritization.
Since the software PHREEQC only describes inorganic reactions, it is not possible to model organic
complex compounds, which the hard coal represents. Alternatively, an indirect way was chosen for
modelling. Decomposition processes of the hard coal result in increased HCO3‐‐contents which is
caused by the carbon. Furthermore, the sulfur contained in the organic material is preserved as pyrite
under reduced conditions. The lime‐carbonic acid equilibrium adjusts to the elevated HCO3‐‐content
and in turn, dissolves more carbonate from the rock matrix.
Table 5-5. PHREEQC saturation index calculation of groundwater analysis of well O4. The equilibrium was calculated with
a pressure of 15 bar (150 m water column).
Phase
SI**
Log IAP
log K (286 K,
15 atm)
Al(OH)3(a)
-2.22
9.4
11.62 Al(OH)3
Albite
-0.82
-19.6
-18.78 NaAlSi3O8
Alunite
-10.2
-10.05
0.15 KAl3(SO4)2(OH)6
Anhydrite
-4.49
-8.62
-4.14 CaSO4
Ankerite
1.49
-19.28
-20.77 CaFe(CO3)2
Anorthite
-3.7
-23.73
-20.03 CaAl2Si2O8
Aragonite
0.03
-8.22
-8.25 CaCO3
Barite
-0.55
-10.5
-9.95 BaSO4
Ca-Montmorillonite
1.21
-45.58
-46.79 Ca0.165Al2.33Si3.67O10(OH)2
Calcite
0.18
-8.22
-8.41 CaCO3
Celestite
-3.76
-10.35
-6.58 SrSO4
Chalcedony
-0.05
-3.74
-3.7 SiO2
Chlorite(14A)
-1.05
72.01
73.06 Mg5Al2Si3O10(OH)8
Chrysotile
-2.59
31.18
33.77 Mg3Si2O5(OH)4
CO2(g)
-2.95
-4.27
-1.32 CO2
Dolomite
0.3
-16.47
-16.77 CaMg(CO3)2
Fe(OH)3(a)
-3.67
1.2
4.88 Fe(OH)3
FeS(ppt)
-7.65
-11.57
-3.91 FeS
Fluorite
-4.46
-15.21
-10.75 CaF2
Gibbsite
0.57
9.4
8.82 Al(OH)3
Goethite
1.76
1.2
-0.55 FeOOH
Gypsum
-4.04
-8.62
-4.58 CaSO4:2H2O
H2(g)
-8.93
-12
-3.07 H2
H2O(g)
-1.82
0
1.82 H2O
H2S(g)
-13.62
-21.65
-8.03 H2S
Halite
-6.71
-5.15
1.56 NaCl
Hematite
5.46
2.41
-3.06 Fe2O3
Illite
1.42
-40.5
-41.92 K0.6Mg0.25Al2.3Si3.5O10(OH)2
Jarosite-K
-26.35
-34.62
-8.28 KFe3(SO4)2(OH)6
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K-feldspar
K-mica
Kaolinite
Mackinawite
Melanterite
O2(g)
Pyrite
Quartz
Sepiolite
Sepiolite(d)
Siderite
SiO2(a)
Strontianite
Sulfur
Sylvite
Talc
Witherite

0.55
7.27
2.76
-6.93
-9.07
-69.66
-5.49
0.42
-1.56
-4.09
-0.26
-0.92
-0.68
-10.8
-7.34
0.86
-1.51

-20.96
21.81
11.3
-11.57
-11.46
-72.46
-24.32
-3.74
14.55
14.55
-11.06
-3.74
-9.94
-5.64
-6.5
23.69
-10.1

-21.51
14.53
8.54
-4.64
-2.4
-2.8
-18.83
-4.16
16.1
18.63
-10.8
-2.82
-9.26
5.17
0.84
22.83
-8.59

KAlSi3O8
KAl3Si3O10(OH)2
Al2Si2O5(OH)4
FeS
FeSO4:7H2O
O2
FeS2
SiO2
Mg2Si3O7.5OH:3H2O
Mg2Si3O7.5OH:3H2O
FeCO3
SiO2
SrCO3
S
KCl
Mg3Si4O10(OH)2
BaCO3

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. For ideal gases, phi = 1.

PHREEQC modeling results prior to the main reaction modeling show that the groundwater is in
equilibrium with quartz, K-feldspar, calcite, dolomite and siderite (see Table 5-5). The solution is
slightly oversaturated with respect to ankerite, a mineral phase to be considered in the subsequent
modeling steps. The calculated saturation indexes for the sample from well O4 reflect the equilibrium
of the main components of the fracture and matrix mineral phases. It is evident that the acidity of the
analysis from observation well O4, which has a depth of about 173 m, reaches alkaline pH‐conditions.

5.3.4 Reaction path simulation
Geochemical modelling was carried out using the PHREEQC 3.6.2-15100 geochemical code (Parkhurst
and Apello, 2013) with the integrated PHREEQC.dat thermodynamic database. Due to the lack of the
thermodynamic data of ankerite, the database was extended to this mineral phase with the
parameters from Carbfix.dat (Voigt et al., 2018).
The groundwater composition from groundwater observation well O4 (Table 5-4) was used for the
modelling, as the GECO experimental well has not yet been completed and therefore no deeper
analyses from the corresponding sandstone layers are available. The groundwater from observation
well O4 is to be classified as deep groundwater, which can be recognized by the increased Na content.
Therefore, it is considered to be useful for modelling, but not very representative.
At first, the in-situ state was modeled in order to simulate the saturation states of the aquifer. For this
purpose, a temperature of 12.9 °C and a pressure of 15 bar (150 m water column between filter section
and groundwater level, 173 m sampling depth) was set (see Table 5-5).
The alkalinity of 393.56 mg/L was defined as hydrogen carbonate (HCO3-). The program automatically
calculates the speciation in CO2(aq), CO32- and other species using the pH-value via the lime-carbonic
acid balancing. The saturation indexes are shown in Table 5-6.
At present, siderite appears to be a suitable candidate for CO2 mineral carbonation. Results from
preliminary modeling with the Carbfix.dat database indicate that magnesite (MgCO3) remains
undersaturated at every step of the model and will not precipitate. Likewise, according to Oelkers et
al. (2008), the mineral dawsonite (NaAl(CO3)(OH)2) does not stay stable under the pressure conditions
and must therefore be excluded. However, in order to precipitate siderite, a source of divalent iron
Fe2+ is required. Groundwater analyses show that only very little dissolved iron is naturally available.
Since pyrite is available in practically unlimited quantities in the Ruhr Carboniferous, Fe 2+ can be
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released via an induced, local pyrite oxidation, which subsequently reacts with the increased HCO 3- in
the solution to form siderite. The oxygen required can be added via simple aeration of the water or
dosed via the fluid reactor.
For further modelling the following steps were performed, which lead to a fixation of the dissolved
CO2 in terms of siderite within the fracture system of the target sandstone at a depth of about 275 m
below the ground level (b.g.l.):
1. Groundwater modelling and equilibration with oxygen (air-contact at 1 bar at 12.9 °C),
2. Addition of CO2 via equilibration at 1 bar (100 % partial pressure at 25 °C),
3. Equilibration of ankerite, calcite and dolomite (buffering of the carbonic acid),
4. Equilibration of pyrite (consumption of oxygen, release of Fe2+, lowering the redox),
5. Finally: Equilibration of siderite.
All intermediate solutions are stored temporarily and reloaded for the subsequent reaction steps,
making it a coupled batch reaction model. Reactions and solubilities of the mineral phases and gases
shown in Table 5-6 are taken from PHREEQC.dat (for Ankerite: Carbfix.dat). After the base modelling
of the initial solution, it must then be enriched with oxygen.
Table 5-6. PHREEQC parameters (reactions and solubility constants as log) form PHREEQC.dat and Carbfix.dat (ankerite).
Phases
Reaction
LogK
Mineral
Calcite
CaCO3 = CO3-2 + Ca+2
-8.48
Mineral
Pyrite
FeS2 + 2 H+ + 2 e- = Fe+2 + 2 HS-18.479
Mineral
Ankerite
CaFe(CO3)2 = Ca+2 + Fe+2 + 2 CO3-2
-20.8732
Mineral
Dolomite
CaMg(CO3)2 = Ca+2 + Mg+2 + 2 CO3-2
-17.09
Mineral
Siderite
FeCO3 = Fe+2 + CO3-2
-10.89
Gas
CO2(g)
CO2 = CO2
-1.468
Gas
O2(g)
O2 = O 2
-2.8983
Bicarbonate
HCO3CO3-2 + H+ = HCO310.329
Species

The mineral phase siderite was selected as a possible target phase for CO2 mineralization. Stable
thermodynamic conditions for siderite require a low redox ratio, sufficient Fe 2+ and carbonate. There
are the following Fe sources in the target aquifer: pyrite and ankerite (documented within D.2.1,
Weisenberger et al., 2020). From the history of mining within the Upper Carboniferous, it is generally
known, that pyrite oxidation is very effective when oxygen is introduced into the rock formation. The
dissolved iron is bivalent. Following reactions occur (Equations 5-2 to 5-5):
FeS2(s) + 7½ O2 + H2O → Fe2+ + 2 SO42- + 2 H+
[Eq.5-2]
2+
+
3+
Fe + ¼ O2 + H → Fe + ½ H2O
[Eq.5-3]
Fe3+ + 3 H2O → Fe(OH)3(s) + 3 H+
[Eq.5-4]
3+
2+
2FeS2(s) + 14 Fe + 8 H2O → 15 Fe + 2 SO4 + 16 H+
[Eq.5-5]
Pyrite grains in the fracture systems are oxidized, which leads to acid formation due to the released
H+ protons (Equations 5-2 to 5-5). The fracture fillings were identified as dolomite. Pyrite is finely
distributed on these fracture surfaces (Figure 5-29). The matrix of the regional sandstones frequently
contains ankerite and more rarely calcite (Hucke, 2002).
Bivalent Fe from the pyrite oxidation is aerobically oxidized to trivalent Fe (Eq. 5-3). This can then be
converted to insoluble iron hydroxide (Fe(OH)3) and then precipitated (Eq. 5-4). This process is
inhibited within the borehole as the oxygen is completely consumed. As a result, reducing conditions
are achieved again and Fe(OH)3 is undersaturated.
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2 mm
Figure 5-29. Example of a fracture plane from a rock core (borehole FEcampus_R1). Besides dolomites, pyrite crystals (size
< 1 mm) can be clearly detected on the fracture surface.

The PHREEQC model was developed from the perspective of a future experiment within a real
borehole environment: The groundwater will be pumped from the borehole and temporarily stored
in tanks. The initial solution (groundwater analysis from observation well O4) is first exposed to
atmospheric oxygen (1 bar at 12.9 °C) (Table 5-7).
Table 5-7. Initial solution (groundwater analysis from observation well O4) is first exposed to atmospheric oxygen (1 bar at
12.9 °C).
Phase
SI
Log IAP
Log K (T,P)
Initial
Final
Delta
O2(g)
-0.68
-3.48
-2.80
1.000e+01
1.000e+01
-3.308e-04

This process leads to a dissolution of 10.58 mg/L oxygen and increases the redox to 13.2 (pe units).
As a further step, a temperature adjustment to 25 °C is performed on the surface and CO 2 is injected
into the solution at 1 bar using the fluid reactor as technical device. The temperature is therefore
comparable to the laboratory experiments from WP2. The later injection into the borehole will take
additional 2 bars, so that a working pressure of 3 bars is performed (Table 5-8).
Table 5-8. Addition of CO2 via equilibration calculation.
Phase
SI
Log IAP
Log K (T,P)
CO2(g)
-0.00
-1.48
-1.48

Initial
1.000e+01

Final
9.967e+00

Delta
-3.322e-02

This process equilibrates 1.46 g/L CO2 into the solution. The acidity has increased to pH 5.59 that is a
moderate acidity comparing typical groundwater compositions. Siderite stays undersaturated at
SI -9.99. In a further step, the pressure of the solution is increased to 27.5 bar, which corresponds to
the reservoir pressure in the GECO target sandstone. The intermediate solution is then equilibrated
with ankerite (an additional Fe2+-source), calcite and dolomite (Table 5-9).
Table 5-9. Equilibration with ankerite, calcite and dolomite (buffering of the carbonic acid).
Phase
SI
Log IAP
Log K (T,P)
Initial
Final
Ankerite
0.00
-20.82
-20.82
1.000e+01
9.999e+00
Calcite
0.00
-8.45
-8.45
1.000e+01
1.000e+01
Dolomite
0.00
-17.04
-17.04
1.000e+01
9.997e+00

Delta
-1.324e-03
-4.299e-05
-3.381e-03

This process dissolves 285.9 mg/L ankerite, 4.3 mg/L calcite and 632.45 mg/L dolomite, via
equilibration, into the intermediate solution. These minerals originate from the fracture layers.
Ankerite is a widespread distributed mineral within the Sandstones of the Ruhr Carboniferous,
whereas calcite occurs rarely (Hucke 2002). The solubilities of clay minerals are often not correctly
estimated within PHREEQC since kinetic effects play a major role. Since clays also have very low
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permeabilities and are therefore hardly effective for the solution, they were neglected from further
considerations.
This dissolution and subsequent buffering is the only possibility to achieve a supersaturation of the
mineral phase siderite. As a result, the acidity is buffered to a pH of 6.2. At this intermediate stage,
the solution has still a siderite undersaturation of -1.5.
A subsequent step in the preparation of the solution is the dissolution of the mineral pyrite, which has
been observed on the fracture planes and in the hard coal layers (Table 5-10).
Table 5-10. Equilibration of pyrite.
Phase
SI
Pyrite
-0.00

Log IAP
-18.48

Log K (T,P)
-18.48

Initial
1.000e+01

Final
1.000e+01

Delta
-9.450e-05

This process leads to a dissolution of 11.34 mg/L pyrite. As a result, the acidity shows a minor change
to a pH of 6.25 and decreases the redox to -1.86 pe units, what means a reducing condition. The
solution is immediately supersaturated in respect to Siderite to an SI of +1.62 which means, the
solution is 42x supersaturated for siderite.
The final step is now the precipitation of siderite to fix the dissolved carbon dioxide (Table 5-11).
Table 5-11. Equilibration of siderite.
Phase
SI
Siderite
-0.00

Log IAP
-10.86

Log K (T,P)
-10.88

Initial
0.000e+00

Final
1.379e-03

Delta
1.379e-03

The final step precipitates 159.76 mg/L siderite via equilibrium to zero. The acidity has increased to
pH 6.19, which is still a moderate acidity for groundwater compositions. The redox state keeps
reducing at -1.78 pe units.

5.3.5 Results
5.3.5.1 Evolution of species, acidity a redox state
The evolution of the compositions of mineral waters show that the general feasibility of mineral
carbonation is given. The model describes a targeted CO2 fixation via a special mineral. However, in
net terms there is an increase in further CO2 due to the carbonate dissolution of the fracture minerals.
This is unavoidable since the carbonic acid solution must first be buffered in order to precipitate
siderite. Under the given pressure and temperature conditions and the sandstone composition, it
appears that there are no other candidates for CO2 fixation.
However, the solution has first to be buffered, as the CO2 prevents the separation (precipitation) of
carbonates of any kind. The pressure in the reservoir and the temperature initially prevent
supersaturation. By buffering the carbonic acid, therefore, an opposite process takes place first:
carbonates identified in the rock matrix dissolve and buffer the carbonic acid. The species distribution
shifts from dissolved CO2(aq) to the fraction of hydrogen carbonate (HCO3-).
The evolution of the species in the different solutions provides the following scenario in Table 5-12.
Table 5-12. PHREEQC protocol excerpt of SI development between steps 1 – 4. Target phase for CO2 mineralization is Siderite
(orange).
STEP 1
Initial (charged with
1.46 g/L CO2)
EC (µS/cm at 25°C)
pH
Redox as pe
Al(OH)3(a)

712
5.593
15.057
-1.91

SOLUTION SATURATION INDICES (SI)*
STEP 2
STEP 3
Buffered by
after Pyrite
ankerite, calcite,
dissolution
dolomite
1940
2020
6.221
6.253
9.780
-1.858
-1.00
-0.98

STEP 4
after Siderite
precipitation
1908
6.194
-1.781
-1.01
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STEP 1
Initial (charged with
1.46 g/L CO2)
Albite
Alunite
Anhydrite
Ankerite
Anorthite
Aragonite
Barite
Ca-Montmorillonite
Calcite
Celestite
CH4(g)
Chalcedony
Chlorite(14A)
Chrysotile
CO2(g)
Dolomite
Fe(OH)3(a)
FeS(ppt)
Fluorite
Gibbsite
Goethite
Gypsum
H2(g)
H2O(g)
H2S(g)
Halite
Hematite
Illite
Jarosite-K
K-feldspar
K-mica
Kaolinite
Mackinawite
Melanterite
O2(g)
Pyrite
Quartz
Sepiolite
Sepiolite(d)
Siderite
SiO2(a)
Strontianite
Sulfur
Sylvite
Talc
Witherite

-3.63
-1.60
-4.35
-10.95
-8.10
-2.60
-0.68
0.40
-2.46
-3.71
-139.49
-0.18
-25.85
-18.12
-0.00
-4.83
0.03
-146.20
-4.89
0.78
5.91
-4.04
-41.35
-1.50
-139.40
-6.72
13.83
-1.50
-5.71
-2.41
4.78
2.87
-145.48
-16.32
-0.58
-237.74
0.25
-12.60
-15.46
-9.99
-1.02
-3.41
-104.04
-7.40
-14.77
-4.28

SOLUTION SATURATION INDICES (SI)*
STEP 2
STEP 3
Buffered by
after Pyrite
ankerite, calcite,
dissolution
dolomite
-2.13
-2.09
-1.29
0.26
-3.29
-2.49
0.00
3.16
-3.73
-3.65
-0.14
-0.11
-1.10
-0.30
2.93
2.96
0.00
0.03
-4.14
-3.34
-102.41
-9.59
-0.18
-0.18
-11.62
-11.31
-10.69
-10.52
-0.11
-0.13
0.00
0.07
3.99
-4.47
-101.95
-5.21
-3.48
-3.49
1.68
1.69
9.86
1.40
-2.99
-2.19
-32.05
-8.84
-1.49
-1.49
-103.74
-10.15
-6.79
-6.79
21.72
4.80
1.55
1.61
3.74
-20.13
-0.92
-0.87
8.12
8.18
4.68
4.70
-101.22
-4.48
-9.20
-5.31
-19.17
-65.59
-167.12
-0.00
0.25
0.25
-7.64
-7.53
-10.47
-10.36
-1.50
1.62
-1.01
-1.01
-2.43
-2.40
-77.67
-7.29
-7.47
-7.48
-7.32
-7.16
-3.29
-3.26

STEP 4
after Siderite
precipitation
-2.17
0.39
-2.47
1.45
-3.80
-0.19
-0.28
2.89
-0.05
-3.31
-9.70
-0.18
-11.90
-10.85
-0.11
-0.10
-6.10
-6.86
-3.48
1.67
-0.23
-2.16
-8.87
-1.49
-10.16
-6.79
1.55
1.49
-24.80
-0.96
8.05
4.65
-6.14
-6.83
-65.52
-1.63
0.25
-7.74
-10.57
0.00
-1.01
-2.48
-7.27
-7.47
-7.48
-3.35

* For a gas, SI = log10(fugacity).

In order to enable a carbonate precipitation despite the low pH-value, the approach of a siderite
precipitation (FeCO3) was chosen. Pyrite oxidation is first of all stimulated so that a high Fe 2+ content
is present in the solution. To enable pyrite oxidation in the fracture reservoir, the initial solution was
first exposed to atmospheric oxygen. The oxygen is later fully consumed in the reservoir and reducing
conditions predominate again after pyrite precipitation. The increased bivalent Fe content, the
saturation with carbonates and the reducing conditions then enable siderite precipitation. Thus the
CO2 mineral fixation was coupled with the pyrite oxidation (and therefore also with the oxygen
content).
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Figure 5-30 and Figure 5-31 show a shift in CO2 from CO2(aq) to HCO3-. As a result, the CO2 has been
converted into a compound that is more resistant to degassing and allows easier precipitation.

CARBONATE-SPECIES (INITAL SOLUTION AFTER
CO2-INJECTION)

HCO316%
other(CO2)2
0%

CO3-2
0%

CO2(aq)
84%

Figure 5-30. The distribution of the C(4)-species (minor speciation of metal-cations not included) of the initial (CO2-charged)
solution. The CO2(aq) is predominating.

CARBONATE-SPECIES (SOLUTION AFTER
BUFFERING & SIDERITE PRECIPITATION)
HCO346%
CO3-2
0%
other
(CO2)2
0%
CO2(aq)
54%
Figure 5-31. The distribution of the C(4)-species (minor speciation of metal-cations not included) of the final solution after
buffering with carbonates and Siderite-precipitation (via EQUILIBRIUM_PHASE command). A major fraction of the CO 2(aq)
was transformed into hydrogen carbonate and carbonate.

Figure 5-32 shows the development of siderite saturation. With increasing pyrite dissolution, the
species distribution transfers from Fe3+ to Fe2+ due to decreasing redox conditions. In addition, the
total concentration of Fe and SO4 increases due to pyrite oxidation. Siderite saturation (after buffering,
step 2) is rising until 42x oversaturation using approximately 1x10-4 mol pyrite. Figure 5-32 shows pure
equilibrium states without any kinetic effects.
Figure 5-33 shows the observation of kinetic influences on the buffer performance. For this model the
mineral phase calcite and the concept according to Plummer et al. (1978) was used, a kinetic code
which is available in the database PHREEQC.dat.
251

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

The results show that the carbonic acidity (after step 1: charging the solution with 1.46 g/L CO2) is
buffered to pH 6.1 within approximately 40 minutes due to calcite dissolution within the fracture
system. These results show a general feasibility for field experiments.

Figure 5-32. The evolution of the S(6), Fe2+ and Fe3+ while pyrite dissolution. Siderite saturation (after buffering, step 2) is
rising until 42x oversaturation using approx. 1x10-4 mol pyrite.

Figure 5-33. The evolution of buffer reactions for the mineral phase calcite via PHREEQC-kinetics (concept of Plummer et
al., 1978). The acidity is buffered to pH 6.1 within approx. 40 minutes. The results show a general feasibility for field
experiments.
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Pressure calculations using the command EQUILIBRIUM_PHASE in equilibrium with CO2 show that with
increasing pressure compared to the initial state, large quantities of CO2 can be kept in solution. Figure
5-34 shows the maximum solubility of CO2 for the groundwater composition used for modeling).
For the pilot experiment in borehole FEcampus_R2 of the Bochum GECO-test site, the lower level of
CO2 content is chosen to follow the requirements of the permit with the water act. Further
experiments could gradually increase the CO2 content but must also be approved.

CO2 degassing

CO2 storage
Lowest CO2 stored for pilot experiment

Figure 5-34. Maximum solubility of CO2 via equilibrium calculations up to 25 bar. At 25 bar a dissolution of approx. 32 g per
liter groundwater is still possible.

Figure 5-35. Development of kinetically supersaturation of Siderite considered as long-time reservoir (buffered only due to
Calcite dissolution, Equilibrium with 5 bar air-oxygen and 5 bar CO2). With organic C (left) and without organic C (right).

Furthermore, the kinetic development of siderite saturation over long periods of time was considered.
The CO2 converted to HCO3- can be stored for a long time by the fact that, as described above, siderite
is supersaturated and HCO3- and CO32- are slowly consumed by the precipitation of siderite.
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It has been shown that organic carbon as a so-called SOC (sediment organic carbon) has a decisive
influence on the composition of the solution. The sediments of the Ruhr Upper Carboniferous show a
high proportion of SOC, as the sandstones are interspersed with thin layers of hard coal (independent
from hard coal seams). It is assumed that the organic carbon as electron acceptor lowers the redox
ratio and thus helps to create or accelerate reducing conditions.
Figure 5-35 shows this fact. For this model the single mineral phase calcite for buffering and the SOCkinetic code were used, which is available in the database PHREEQC.dat. The model was equilibrated
with 202 mg/L oxygen (21 % partial pressure O2 at 5 bar) and 7.3 g/L CO2 (100 % partial pressure with
equilibrium at 5 bar) in order to model a higher CO2-mineralization performance: On the left side the
progression of the pyrite dissolution together with the siderite saturation is shown. A supersaturation
of siderite is reached after approximately 24 years. The model was coupled with the decomposition of
SOC. On the right side of Figure 5-35, the decomposition of SOC was omitted and a supersaturation of
siderite does not occur even after more than 25 years.

5.3.6 Reactive transport modelling
The fluid compositional evolution from the injection well towards the fault system had to be modelled
using a 1D reactive transport simulation with the aid of PHREEQC. The calculated path lines are shown
in Figure 5-36. Since the well was not completed at this time and therefore neither permeabilities were
determined nor faults were investigated via geophysics, no further 1D-transport modeling was
performed.
Nevertheless, NaCl-tracer transport modeling results from Olschowsky (2020) consider transport
phenomena on a single fault plane for this project. These experiments were coupled to PHREEQC using
the software Feflow (Finite Element subsurface FLOW system, MIKE DHI-Group) via the interface
PiChem. The 1D-transport functionality of PHREEQC has been significantly enhanced by Feflow to a
2D-finite element grid. In every single cell a PHREEQC-calculation takes place, whereas Feflow takes
over the transport steps to the adjacent cells.

Figure 5-36. Flow paths (purple lines) starting form infiltration well into direction of fault system indicated in black used for
transport considerations for scenario A closed (left) and scenario B open (right).

The modelling approach was realized by defining a single open fault (Figure 5-36, right side) with
dimensions 60 * 30 m with two penetration wells. The discretization was realized using 8579 nodes
254

Document:

D2.9: REPORT ON INTEGRATED GEOLOGICAL & RESERVOIR MODELS

Version:

03

Date:

1 September 2021

and 16879 finite elements. The boundary conditions were assumed to be open. The thickness, i.e. the
opening width of the fault, was defined by 0.0008 m with a hydraulic conductivity of 10-6 m²/s. The
open boundary condition allows a loss of mass at the boundary zones to the outside. The injection and
extraction points are defined in FeFlow as source and sink. For this purpose, a source with 5 l/min and
a sink with -5 l/min are set (see Figure 5-37).
Table 5-13: Parameters used for PHREEQC-coupled transport calculation within Feflow (Olschowsky, 2020).

Hydraulic Conductivity

[m/s]

10-6

Opening Width

[m]

0.0008

Transmissivity

[m²/s]

8*10-10

Lon. Dispersivity

[m]

30

Trans. Dispersivity

[m]

3

Porosity

[-]

0,5

Figure 5-37. Finite element field within PHREEQC coupled Feflow with an array of 21 observation wells and Injection- /
Production well (Olschowsky, 2020).

The tracer test using Feflow was helpful to observe at which points the solution shows an increased
residence time. A couple of particles were tracked as shown in Figure 5-38. Out of 29 tracked particles,
only three would find their way directly to the extraction well. From the flow path of these three particles, an arrival time of 320 days can be determined for the fastest path.
The injection well for FEcampus_R2 is currently not completed, so the water chemistry in the targeted
fracture system is not known exactly. Modeling work has shown that the geochemical reactions are
fundamentally dependent on fault/fracture mineral composition, fault/fracture opening width, and
water chemistry. The siderite precipitation described in chapter 5.3.4 and 5.3.5 cannot be reasonably
calculated at this stage.
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Figure 5-38. Particle tracing of 29 particles at the injection well (Olschowsky, 2020).

5.3.7 Discussion and summary
The results of the modelling show that carbon dioxide mineralization in the underground of the
Bochum GECO site is basically possible. Siderite was selected as the mineral phase for the CO 2
mineralization as it could be supersaturated by a multistage process. The pyrite oxidation well-known
for the Upper Carboniferous, which releases ferric iron into the solution, was used and induced for a
following siderite precipitation.
There are however some limitations: For the siderite precipitation, ferric iron must be present in the
solution in addition to reducing conditions and an excess of HCO3-. Furthermore, the pH must rise into
the alkaline milieu. These conditions are not given and have to be generated first, which requires
kinetic calculations. The kinetic considerations show that field experiments are need for any
reasonable results. However, siderite crystals are not expected at first, as the solution will probably
not be in equilibrium in terms of siderite for more than 25 years. Such kinetic processes can still be
verified in borehole experiments by modelling fluid analyses directly after the experiment via
PHREEQC.
In this way, buffer processes can be observed, and inversely modelled, and incipient supersaturation
can be inferred. In addition, the borehole environment (reservoir) offers conclusions about the
involvement of multiple mineral phases and ion exchange processes, which are not all considered in
the modelling. The well is not yet completed (as of 18.01.2021) and therefore the actual water
composition within the reservoir is still unknown. The modeling still needs to be updated when the
reservoir is sampled, and the fluid composition is known.
There are still many unknowns as well as some limitations to the full understanding of those processes.
The work on this stage will not halt with the finalization of this report, and the models described in the
report will be, if appropriate, validated as new data and understanding will be further developed.

5.4 The conceptual model for the injection of the gas mixture
The following assumptions have been made for the studied rock reservoir: Local thrust and strike-slip
faults passing through the syncline structure significantly enhance the connectivity and consequently
the permeability of the fracture systems occurring in the sandstone-aquifers. Both the fault and
fracture systems were formed during the tectonic folding of the Ruhr Carboniferous about 300 million
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years ago. The fracture network is well documented from the former hard-coal mining industry. The
geohydraulic system can be described as fracture-dominated whith local small-scale faults increasing
permeability. The degree of rock permeability is controlled by the degree of tectonically driven
fracturing.
The German demo site in Bochum is not an existing geothermal infrastructure related to a geothermal
power plant but is a test site in a sedimentary environment. It consists of a dual flow and injection
system, served by a Geo-Fluid/Gas-Reactor, an on-site large scale Multi Analysis Testing and
Component Development Hub – Borehole and Georeservoir Simulator and the future research
borehole FEcampus_R2 (depth = 525 m) as a combined downhole testing device. The borehole array
of the site is shown in Figure 5-39 (red: open hole section).
For the GECO hydraulic experiments, this device will be equipped with a heated flow-loop and the
reactor system to provide artifial compositions of deep waters. The hydraulic loop, the fluid reactor
and the borehole injector system will be designed for a hydraulic flow at elevated temperatures. The
system will consist of tanks, gas-mixing unit, brine enrichment, heating system,
groundwater/freshwater mixer, and pumps. The composition of the water to be injected can be
chosen flexibly, as it is mixed by the Fluid/Gas-Reactor. This means that even different fluid
compositions from other regions can be simulated independently from deep boreholes within closed
simulator experiments bypassed in the lab.
It is important to again note that the work on this front will not halt with the finalization of this report.
The models described in the report will be validated as new data and understanding will be developed.

Figure 5-39. Conceptual model of the well field at the Bochum site. A 2 well system enabling a loop for hydraulic
experiments.
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