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Abstract  

This dissertation investigates the petrophysical characterization of a tight gas 

greensand, Zona Glauconitica (ZG), from the Magallanes basin in Tierra del 

Fuego island, Chile. The sandstones are mineralogically immature probably 

reflecting a source area that is rich in volcanics with a low rainfall. This has 

partly led to the samples containing a significant amount of iron-bearing 

glauconite and/or chlorite. These clays impact reservoir quality and pose 

challenges during petrophysical evaluation because they lead to a complex 

microstructure containing significant microporosity and impact various 

properties. Glauconite and chlorite have a moderate cation-exchange 

capacity (CEC), adding a second conductive water layer and decreasing the 

rock resistivity. Therefore, the classical Archieôs (1942) model is unsuitable, 

and shaly-sand water saturation models are preferred. 

Analysis of core and well-logs was used to study ZGôs electrical, elastic and 

flow properties.  The reservoir is divided into three distinct petrofacies (PRT1 

ï 3). PRT1 contains most of the producible gas; it lacks glauconite, has a 

bimodal pore size distribution, low permeability (0.01 ï 1mD), moderate to 

high porosity (22 ï 27%v/v), and low specific surface area (~3.4 m2/g). It has 

the highest iron (14 %wt) and CEC (72 meq/100g), which provide a 

photoelectric factor signature to quantify the clay volume. PRT1 has the best 

reservoir quality due to the presence of secondary porosity and the 

suppression of quartz cementation by the grain-coating chlorite. PRT 2-3 has 

ultra-low permeability (< 0.01 mD), low to high porosity (11 ï 29%v/v), 

unimodal PSD of nanometric size, high specific surface area, moderate iron 

content and CEC values. Indicators of good reservoir quality are a Vp/Vs 

ratio> 1.75 and Log FZI> -1.25 using the Flow Zone Indicator method. The 

Indonesian and modified Simandoux models best fit ZGôs water saturation 

profile, as it is a freshwater reservoir (12,000 NaCl) with significant clay 

mineral electrical contribution. 
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Abstract (Spanish version)  

Translated by the author. Traducido por la autora. 

Esta disertación investiga la caracterización petrofísica de una arenisca verde 
de tight gas, Zona Glauconítica (ZG), ubicado en la cuenca de Magallanes de 
la isla de Tierra del Fuego, Chile. Las areniscas son mineralógicamente 
inmaduras, lo que probablemente refleja una zona de origen rica en volcanes 
con bajas precipitaciones. Esta inmadurez mineralógica ha llevado a que las 
muestras contengan una cantidad significativa de glauconita y/o clorita con 
contenido de hierro. Estos minerals arcillosos impactan la calidad del 
reservorio y presentan desafíos durante la evaluación petrofísica debido a 
que generan una microestructura compleja, con microporosidad significativa, 
afectando varias propiedades. La glauconita y la clorita tienen una capacidad 
de intercambio catiónico (CIC) moderada, lo que añade una segunda capa 
de agua conductiva y disminuye la resistividad de la roca. Por lo tanto, el 
modelo clásico de Archie (1942) no es adecuado, y se prefieren modelos de 
saturación de agua en arenas arcillosas. 

Se realizó un análisis de testigos y registros de pozos para estudiar las 
propiedades eléctricas, elásticas y de flujo de la ZG. El reservorio se divide 
en tres petrofacies distintas (PRT1 ï 3). PRT1 contiene la mayor parte del 
gas a producir; no tiene glauconita, presenta una distribución de tamaño de 
poros bimodal, baja permeabilidad (0.01 ï 1 mD), porosidad moderada a alta 
(22 ï 27%v/v) y una baja área superficial específica (~3.4 m²/g). Tiene el 
contenido de hierro más alto (14 %wt) y la CIC más alta (72 meq/100g), lo 
que proporciona una firma de factor fotoeléctrico para cuantificar el volumen 
de arcilla. PRT1 tiene la mejor calidad de reservorio debido a la presencia de 
porosidad secundaria y la inhibición de la cementación de cuarzo por la clorita 
que recubre los granos. PRT2-3 tiene una permeabilidad ultra-baja (<0.01 
mD), una porosidad baja a alta (11 ï 29%v/v), una distribución unimodal de 
tamaño de poros de tamaño nanométrico, alta área superficial específica, y 
valores moderados de contenido de hierro y CIC. Los indicadores de buena 
calidad de reservorio son una relación Vp/Vs > 1.75 y Log FZI > -1.25, usando 
el método del Indicador de Zona de Flujo. Los modelos de Indonesio y 
modificado de Simandoux se ajustan mejor al perfil de saturación de agua de 
la ZG, ya que es un reservorio de agua dulce (12,000 NaCl) con una 
contribución eléctrica significativa de sus minerales arcillosos. 



- vi - 

Table of Contents  

Acknowledgements  .................................................................................... iii  

Abstract  ....................................................................................................... iv  

Abstract (Spanish version)  ......................................................................... v 

Table of Contents  ....................................................................................... vi  

List of Tables  ............................................................................................. xii  

List of Figures  .......................................................................................... xvi  

Chapter 1 Overview  ..................................................................................... 1 

1.1  Introduction .................................................................................... 1 

1.2  Scope of research .......................................................................... 3 

1.3  Case study: ZG play, Tierra del Fuego island, Southern Chile ....... 4 

1.3.1  Background ......................................................................... 4 

1.3.2  Dataset .......................................................................... - 10 - 

1.4  Study limitations ....................................................................... - 12 - 

1.5  Thesis structure ........................................................................ - 12 - 

Chapter 2 Petrophysical properties overview and the challenges 
in greensands reservoir characterisation  ................................... - 14 - 

2.1  Petrophysics fundamentals ...................................................... - 14 - 

2.1.1  Petrophysical concepts review ...................................... - 14 - 

2.1.2  Electrical parameters ..................................................... - 19 - 

2.1.2.1 Formation resistivity factor ................................ - 21 - 

2.1.2.2 Index resistivity and saturation exponent .......... - 23 - 

2.1.2.3 Archieôs (1942) saturation water formula .......... - 24 - 

2.1.3  Rock microstructure ...................................................... - 24 - 

2.2  Clay minerals ........................................................................... - 27 - 

2.2.1  Cation-exchange capacity ............................................. - 28 - 

2.2.2  Clay swelling and migration ........................................... - 30 - 

2.3  Greensand formation ................................................................ - 33 - 

2.3.1  Mineralogical analysis ................................................... - 38 - 

2.3.2  Porosity estimation ........................................................ - 39 - 

2.3.3  Permeability estimation ................................................. - 40 - 

2.3.4  Irreducible water saturation estimation .......................... - 44 - 

2.3.5  Greensand geomechanics ............................................ - 46 - 

2.3.6  Greensand effect on well-logs ....................................... - 49 - 

2.3.7  Water saturation modelling ............................................ - 52 - 

2.4  Discussion ................................................................................ - 54 - 



- vii - 

2.4.1  Estimating greensand petrophysical properties ............. - 54 - 

2.4.2  Greensand petrophysical controls ..................................... 58 

2.5  Conclusion ................................................................................... 59 

Chapter 3 Core analysis methodology  .................................................... 61 

3.1 Introduction ................................................................................... 61 

3.2 Condition of core plugs .................................................................. 61 

3.3 Overview of the core analysis programme .................................... 62 

3.4 Sampling cleaning ......................................................................... 65 

3.5 Digital imaging ............................................................................... 65 

3.5.1 Photography ....................................................................... 65 

3.5.2 X-ray computer tomography (CT) scanning ....................... 65 

3.5.3 Scanning electron microscopy (SEM) ................................ 67 

3.5.3.1 Sample preparation ................................................. 67 

3.5.3.2 Sample analysis ...................................................... 68 

3.6 Mineralogy ..................................................................................... 68 

3.6.1 X-ray diffraction (XRD) ....................................................... 68 

3.7 Bulk chemistry ............................................................................... 69 

3.7.1 XRF methodology .............................................................. 69 

3.8 Porosity ......................................................................................... 70 

3.8.1 Bulk volume ........................................................................ 70 

3.8.1.1 Vernier calliper ........................................................ 70 

3.8.1.2  Mercury immersion ................................................. 70 

3.8.2  Grain volume ..................................................................... 71 

3.8.2.1 Calibration ............................................................... 72 

3.8.2.2 Grain volume measurement .................................... 72 

3.8.3 Brine pore volume .............................................................. 73 

3.8.4 Stressed helium pore volume ............................................. 73 

3.9 Permeability .................................................................................. 76 

3.9.1 Steady-state experiment .................................................... 77 

3.9.1.1 Klinkenberg correction ............................................. 78 

3.9.2 Pulse-decay gas permeameter .......................................... 79 

3.9.3 Pulse-decay brine permeameter ........................................ 79 

3.10  Mercury injection capillary pressure (MICP) ............................... 80 

3.10.1 Conformance correction ................................................... 82 

3.10.2 Fluid corrections ............................................................... 83 



- viii - 

3.10.3 Key capillary pressure parameters ................................... 84 

3.11  Nuclear magnetic resonance (NMR) .......................................... 87 

3.12 Electrical resistivities ................................................................... 90 

3.12.1 Brine resistivity ................................................................. 90 

3.12.2 Resistivity of brine-saturated core plugs ........................... 91 

3.13 Specific surface area (SSA) ........................................................ 91 

Chapter 4 Mineralogy, microstructure, porosity, and permeability 
of the ZG reservoir  ............................................................................ 94 

4.1 Introduction ................................................................................... 94 

4.2 ZG mineralogy and chemistry ....................................................... 94 

4.3 ZG microstructure.......................................................................... 97 

4.3.1 CT scan analysis ................................................................ 97 

4.3.2 SEM analysis ..................................................................... 99 

4.4 ZG Specific surface area (SSA) .................................................. 106 

4.5 ZG densities ................................................................................ 106 

4.5.1 Bulk density ...................................................................... 106 

4.5.2 Grain density .................................................................... 107 

4.6 ZG porosity .................................................................................. 108 

4.6.1 Porosity at ambient conditions ......................................... 108 

4.6.2 Stressed porosity ............................................................. 110 

4.6 ZG permeability ........................................................................... 111 

4.6.1 Brine permeability ............................................................ 111 

4.6.2 Klinkenberg corrected gas permeability ........................... 111 

4.6.3 Gas and brine permeabilities relationship ........................ 113 

4.8 ZG permeability and porosity relationships ................................. 115 

4.8.1 Permeability and porosity cross-plot................................. 115 

4.8.2 Correlations with Klinkenberg b-values ............................ 118 

4.9 Discussion ................................................................................... 120 

4.9.1 Clay minerals contribution to ZG microstructure .............. 120 

4.9.2 ZG total and interconnected porosity................................ 121 

4.9.3 Permeability and porosity correlations.............................. 125 

4.9.4 Correlations based on Klinkenberg b-values .................... 127 

4.10 Summary ................................................................................... 128 

Chapter 5 Pore size distribution, permeability correlations with 
MICP and NMR data, and petrofacies units of the ZG reservoir  . 131 

5.1 Introduction ................................................................................. 131 



- ix - 

5.2 ZG Pore size distribution (PSD) .................................................. 132 

5.2.1 NMR T2 distribution .......................................................... 132 

5.2.2 MICP distribution .............................................................. 133 

5.3 NMR-MICP conversion ................................................................ 139 

5.3.1 MICP inversion (workflow 1) ............................................. 139 

5.3.2 Variable Kappa (workflow 2) ............................................ 142 

5.3.3 NMR-MICP conversion results ......................................... 144 

5.4 Permeability correlations ............................................................. 147 

5.4.1 MICP as input data ........................................................... 147 

5.4.1.1 Representative pore throat radius of ZG ............... 153 

5.4.2 NMR as input data ........................................................... 154 

5.5 Discussion ................................................................................... 158 

5.5.1 MICP and NMR results ..................................................... 158 

5.5.2 Petrofacies ....................................................................... 161 

5.6 Summary ..................................................................................... 165 

Chapter 6 ZG electrical properties and ultrasonic velocities  .............. 167 

6.1  Introduction ................................................................................ 167 

6.1.1 Waxman-Smits model ...................................................... 168 

6.2  Methodology ............................................................................... 169 

6.2.1  Sampling ......................................................................... 169 

6.2.2  Cation-exchange capacity ............................................... 169 

6.2.2.1. Chemical leaching method ................................... 169 

6.2.2.2. Multisalinity core flooding method ........................ 170 

6.2.3  Ultrasonic velocities......................................................... 172 

6.3  ZG electrical properties .............................................................. 173 

6.3.1  Resistivity, formation factor, and cementation 
exponent ........................................................................... 173 

6.3.2 Cation-exchange capacity results .................................... 176 

6.4  ZG ultrasonic velocities .............................................................. 178 

6.5  Discussion .................................................................................. 180 

6.5.1  Rock resistivities comparison .......................................... 180 

6.5.2  Cementation exponent correlations and controls ............ 181 

6.5.3  Cation-exchange capacity comparison ............................ 188 

6.5.4  ZG ultrasonic correlations and controls ........................... 191 

6.6  Summary .................................................................................... 199 



- x - 

Chapter 7 Improved petrophysical interpretation of the ZG  ................ 203 

7.1  Introduction ................................................................................ 203 

7.2  Methodology ............................................................................... 204 

7.3  Petrophysical evaluation results ................................................. 207 

7.3.1  Environmental correction & qualitative control ................ 207 

7.3.2  Clay volume model .......................................................... 210 

7.3.3  Porosity model ................................................................ 213 

7.3.4  Permeability model .......................................................... 216 

7.3.5  Water saturation model ................................................... 218 

7.3.6  ZGôs net pay .................................................................... 221 

7.4  Discussion .................................................................................. 225 

7.4.1  Controls on clay volume .................................................. 225 

7.4.2  Porosity and permeability estimates from log data .......... 227 

7.4.4  Estimates of water saturation from log data .................... 229 

7.5  Summary .................................................................................... 238 

Chapter 8 Conclusions and recommendations  .................................... 241 

8.1  Conclusions ................................................................................ 241 

8.2  Recommendations for further work ............................................ 244 

List of References  ................................................................................... 247 

Appendix A: NMR empirical calibration curves  .................................... 272 

A.1  Number of scans ........................................................................ 272 

A.2  Signal-to-Noise .......................................................................... 272 

A.3  Hydrogen index correction ......................................................... 273 

Appendix B: Core analysis data ............................................................. 274 

B.1  Master list .................................................................................. 274 

B.2  QXRD and XRF trends versus depth ......................................... 279 

Appendix C: MICP and NMR data  .......................................................... 281 

C.1  Master list. ................................................................................. 281 

C.2  Apex position of the ZG dataset. ............................................... 284 

C.3 Cross-plot comparison on equivalent pore-throat radius 
correlations. ............................................................................... 285 

Appendix D: Electrical and ultrasonic data  .......................................... 288 

D.1  Electrical data at a confining pressure of 1,500 psig.................. 288 

D.2  Calibration information for ultrasonic velocities. ......................... 289 

D.3  Derived ultrasonic and geomechanical properties equations ..... 290 



- xi - 

Appendix E: Petrophysical evaluation data  .......................................... 293 

E.1  Quick-look petrophysical interpretation of wells WX1 to 
WX10. ....................................................................................... 293 

E.2  Clay volume equations. .............................................................. 303 

E.3  Clay volume estimation of wells WX1 to WX10. ........................ 305 

E.4  Log porosity equations. .............................................................. 315 

E.5  Water saturation equations. ....................................................... 315 

E.6  Petrophysical evaluation of wells WX1 to WX10. ....................... 318 

 



- xii - 

List of Tables  

Table 1-1. The conventional logs used for petrophysical evaluation 
workflow. ......................................................................................... - 11 - 

Table 1-2. Documents provided by ENAP. .............................................. - 11 - 

Table 1-3. Core sampling information of the wells ENAP1 and ENAP2. . - 12 - 

Table 2-1. Petrophysical primary properties formulas. ............................ - 15 - 

Table 2-2. Typical ranges of sedimentary rock resistivity (Palacky, 
1988). .............................................................................................. - 21 - 

Table 2-3. Typical ranges of cementation exponent and the 
correlational factor from Worthington (1993). .................................. - 23 - 

Table 2-4. Cation exchange capacity range and total surface area for 
clay minerals (Van Olphen and Fripiat, 1979; McPhee et al., 
2015). .............................................................................................. - 29 - 

Table 2-5. The ionic and hydrated radius of species involved in cation-
exchange capacity (Haynes, 2016). ................................................ - 33 - 

Table 2-6. Porosity and permeability reported data from some 
worldwide greensands reservoirs. ................................................... - 34 - 

Table 2-7. Glauconite mineral properties (Webmineral, 2019; Hugget, 
2021). .............................................................................................. - 35 - 

Table 2-8. Chlorite mineral properties (Webmineral, 2019; Alderton, 
2021; Geology.com, 2023). ............................................................. - 38 - 

Table 2-9. Glauconite types classification of XRD spectrum (Burst, 
1958). .............................................................................................. - 38 - 

Table 2-10. T2 cut-off guidelines for oilfield greensand formations 
according to the iron content (Dodge et al., 1996). ......................... - 40 - 

Table 2-11. Permeability estimation methods found in the literature 
review used on greensands reservoirs. ........................................... - 42 - 

Table 2-12. Permeability equations applied for greensands reservoirs. .. - 43 - 

Table 2-13. Irreducible water saturation values found in worldwide 
greensands with the technique used to define them. ...................... - 45 - 

Table 2-14. Greensand reservoirs' elastic properties are found in the 
literature. ......................................................................................... - 46 - 

Table 2-15. Summary table showing how greensand affects well-log 
readings and which petrophysical properties are consequently 
under or overestimated. .................................................................. - 50 - 

Table 2-16. Average ranges of potassium, uranium and thorium 
concentrations on clays (Eslinger and Pevear, 1988). .................... - 51 - 

Table 2-17. Water saturation models expressed in conductivity terms 
used in greensands. ........................................................................ - 53 - 

Table 2-18. Water saturation models and parameters used on some 
greensands from the literature. ....................................................... - 54 - 



- xiii - 

Table 2-19. Challenges and recommended tools choices for estimating 
reservoir properties in greensands. ................................................. - 57 - 

Table 3-3. Contact angle and surface tension values used in this 
project (McPhee et al., 2015). ............................................................. 83 

Table 4-1. Density of minerals identified in the XRD analysis and ZG 
mineralogy. ......................................................................................... 95 

Table 4-2. Geochemical composition of ENAP1 and ENAP2 from XRF 
analysis. .............................................................................................. 96 

Table 4-3. Average orthogonal views descriptive statistics. ........................ 97 

Table 4-4. Superficial surface area descriptive statistics of dataset. ......... 106 

Table 4-5. ENAP1 setôs bulk densities descriptive statistics. ..................... 107 

Table 4-6. ENAP2 setôs bulk densities descriptive statistics. ..................... 107 

Table 4-7. Grain density descriptive statistics. .......................................... 108 

Table 4-8. ENAP1 setôs porosities descriptive statistics. ........................... 108 

Table 4-9. ENAP2 setôs porosities descriptive statistics. ........................... 109 

Table 4-10. Descriptive statistics of brine permeability measurements. .... 111 

Table 4-11. Descriptive statistics of ENAP1 set derived Klinkenberg 
permeabilities. ................................................................................... 111 

Table 4-12. Descriptive statistics of ENAP2 set derived Klinkenberg 
permeabilities. ................................................................................... 111 

Table 4-13. Descriptive statistics of Klinkenberg and brine 
permeabilities ratio of the dataset. .................................................... 114 

Table 4-14. Facies lithological, porosity and permeability ranges. ............ 117 

Table 4-15. Statistical metrics and rank of Facies 1 and 2. ....................... 126 

Table 4-16. Statistical metrics and rank of Facies 3. ................................. 126 

Table 5-1. NMR T2 values comparison for the four distribution types. ....... 133 

Table 5-2. Pore-throat radius classification according to Hartmann and 
Coalson (1990).................................................................................. 134 

Table 5-3. MICP key parameters range of the dataset. ............................. 137 

Table 5-4. Key parameters range of the NMR-MICP conversion 
methods. ........................................................................................... 145 

Table 5-5. NMR-MICP conversion error metrics range. ............................ 145 

Table 5-6. Selected correlations that follow Poiseuilleôs theory and their 
results. .............................................................................................. 149 

Table 5-7. Selected correlations that follow characteristic length 
models and their results. ................................................................... 150 

Table 5-8. Ranking summary of selected correlations. .............................. 152 

Table 5-9. Winland and Pittman (1992) empirical correlations. ................. 153 

Table 5-10. Ranking summary of selected correlations. ............................ 155 



- xiv - 

Table 5-11. Metrics comparison of selected correlations. ......................... 160 

Table 6-1. Resistivity, formation factor, and cementation exponent 
metrics at 1,500 psig confining pressure and reservoir 
temperature (Tres). ............................................................................. 174 

Table 6-2. Cementation exponent metrics at 1,500 psig confining 
pressure using helium porosity.......................................................... 174 

Table 6-3. ENAP2 set resistivity metrics measured at three confining 
pressures. ......................................................................................... 176 

Table 6-4. CEC results from multisalinity experiment (Navarro-Perez et 

al., 2024). .......................................................................................... 177 

Table 6-5. CEC statistics from the destructive method. ............................. 177 

Table 6-6. Ultrasonic velocity statistics from ENAP2 set. .......................... 179 

Table 6-7. Statistical comparison of correlations 1 and 2. ......................... 182 

Table 6-8. Fitted equations with the ERT workflow. .................................. 188 

Table 6-9. Selected correlations of Vp as a function of porosity (◖) and 
clay content (C). ................................................................................ 194 

Table 6-10. ENAP2 geomechanical parameters statistics at a confining 
pressure of 4,350 psig. ...................................................................... 198 

Table 7-1. ZG wells formation depth interest and inclination angle. .......... 206 

Table 7-2. ZG wells grouping according to Carrizo et al.ôs (2021) 
definitions. ......................................................................................... 207 

Table 7-3. Gamma-ray (GR) average statistics from key and validator 
wells. ................................................................................................. 211 

Table 7-4. Input parameters used at selected water saturation models. ... 219 

Table 7-5. Net pay intervals with their average porosity, clay volume, 
and water saturation per well. ........................................................... 222 

Table 7-6. Statistical metrics of clay volume estimation in key wells. ........ 226 

Table 7-7. Statistical metrics of porosity estimation in key wells ENAP1 
and ENAP2. ...................................................................................... 228 

Table 7-8. Statistical metrics of cementation exponent correlations with 
the average values in key wells ENAP1 and ENAP2. ....................... 230 

Table 7-9. Absolute error in sensitivity analysis for sample ENAP1-2. ...... 237 

Table 7-10. Swi comparison of core and saturation models for ENAP1-
2. ....................................................................................................... 237 

Table B-1. Master list table of ENAP1 core plugs XRD analysis and CT 
voxels standard deviation. ................................................................. 274 

Table B-2. Master list table of ENAP2 core plugs XRD analysis and CT 
voxels standard deviation. ................................................................. 275 

Table B-3. Master list table of ENAP1 core plugs XRF analysis. .............. 275 

Table B-4. Master list table of ENAP2 core plugs XRF analysis. .............. 276 



- xv - 

Table B-5. Master list table of ENAP1 core plugs specific surface area, 
bulk density, grain density, helium and brine porosities. ................... 277 

Table B-6. Master list table of ENAP2 core plugs specific surface area, 
bulk density, grain density, helium and brine porosities. ................... 277 

Table B-7. Master list table of ENAP1 core plugs MICP and NMR 
porosities, Klinkenberg permeability at three confining pressures 
(C.P.), and brine permeability measured at 1,500 psig C.P. ............. 278 

Table B-8. Master list table of ENAP2 core plugs MICP and NMR 
porosities, Klinkenberg permeability at three confining pressures 
(C.P.), and brine permeability measured at 1,500 psig C.P. ............. 278 

Table C-1. Master list table of ENAP1 core plugs NMR relevant output 
data. .................................................................................................. 281 

Table C-2. Master list table of ENAP2 core plugs NMR relevant output 
data. .................................................................................................. 282 

Table C-3. Master list table of ENAP1 core plugs MICP relevant output 
data. .................................................................................................. 282 

Table C-4. Master list table of ENAP2 core plugs MICP relevant output 
data. .................................................................................................. 283 

Table D-1. Master list table of ENAP1 core plugs electrical data. ............. 288 

Table D-2. Master list table of ENAP2 core plugs electrical data. ............. 289 

Table D-3. Calibration data. ...................................................................... 290 

Table D-4. Listed ɤij coefficients. .............................................................. 291 

 



- xvi - 

List of Figures  

Figure 1-1. Specific objectives overall scheme. ............................................ 4 

Figure 1-2. ZG formation location: maps showing continental location 
(left); Arenal block location in light blue and red rectangle 
indicating the ZG area on the northern area from Tierra del Fuego 
Island (right) (Gonzalez-Gonzalez et al., 2018). .................................... 5 

Figure 1-3. Core permeability vs core porosity cross-plot (Gonzalez-
Gonzalez et al., 2018). .......................................................................... 6 

Figure 1-4. Mineralogical content of the ZG greensand formation (Britt 

et al., 2016). .......................................................................................... 6 

Figure 1-5. Generalized geologic setting of Magallanes Basin, from left 
to right: geological age, formation unit, typical fossil and mineral 
content, tectonic phase and the two polygon fault systems which 
extend through the source in the Upper Cretaceous into and 
through the ZG formation in the early Eocene (Britt et al., 2016). ......... 7 

Figure 1-6. ZG logs: track #1 gamma-ray log; track #2 depth; track #3 
lithology; track #4 petrofacies; track #5 ichnofossils: 
Thl=Thalassinodes isp., Hlm=Helminthopsigs isp., Z=Zoophycos 
isp. and Ch=Chondrites isp.; track #6 bioturbation index: 
red=high, yellow=moderate and green=low; track #7 induction log 
(Gonzalez-Gonzalez et al., 2018).......................................................... 8 

Figure 1-7. Well-log interpretation results. Black and red dots are the 
core samples. Track #1 gamma-ray (GR) log; track #2 depth, 
track #3 subunits name; track #4 chlorite content; track #5 illite 
content; track #6 clay volume from chlorite and illite; track #7 
mineral log; track #8 clay volume from GR log; track #9 corrected 
clay volume from PEF log; track #10 porosity from sonic log; track 
#11 porosity from density-neutron logs; track #12 porosity from 
NMR log and track #13 water saturation: light blue is water and 
red is hydrocarbon (Gonzalez-Gonzalez et al., 2018). .......................... 9 

Figure 1-8. (a) Geolocalization of Tierra del Fuego island with political 
division (yellow lines): the left side locates the Magallanes and 
Chilean Antarctica region, and the right locates the Argentinian 
Tierra del Fuego province. (b) Geolocalization of the twelve wells 
north of Tierra del Fuego island, Chilean side. ................................ - 11 - 

Figure 2-1. Fundamental constituents of a reservoir rock 
(Schlumberger, 2020). .................................................................... - 14 - 

Figure 2-2. Fundamental constituents of reservoir rock in terms of 
porosity and clay terms (modified after Hook, 2003). ...................... - 16 - 



- xvii - 

Figure 2-3. Diagram illustrating the interplay between capillary 
pressure and buoyancy as oil globule moves through a pore: (A) 
Pressure difference across oil-water interface resits distortion of 
globule required if it moves through pore throat. (B) The buoyant 
force is sufficient to distort the oil globule. However, the capillary 
pressure of the globule in the pore throat exceeds because the 
pore throat radius is smaller than the maximum pore radius. (C) 
Part of the buoyant force of the globule above the pore equals the 
capillary pressure in the pore throat. (D) Buoyant force above the 
pore is larger than capillary pressure in the pore throat, and the 
globule moves upwards. ɔ = interfacial tension, r = radius of the 
oil globule, D = grain radius, rp = pore radius, rt = pore-throat 
radius (Modified after Berg, 1975). .................................................. - 17 - 

Figure 2-4. Fluid distribution in a conventional gas reservoir schematic. 
Pg and Pw are the gas and water column pressure, ȹP is the 
pressure difference between these fluids, Pc is the capillary 
pressure, FWL is the free-water level, GWC is the gas-water 
contact, and Pe is the entry pressure of the gas inside the first 
macropore of the rock. .................................................................... - 18 - 

Figure 2-5. Schematic illustration of capillary pressure and relative 
permeability relationships in traditional and low-permeability 
reservoir rocks. Critical water saturation (Swc), critical gas 
saturation (Sgc), and irreducible water saturation (Swirr) are shown 
(Shanley et al., 2004). ..................................................................... - 19 - 

Figure 2-6. Basic log interpretation, identifying the sandstone reservoir 
rock in the gamma-ray log, the oil-bearing and water-bearing zone 
in the resistivity log, and the gas, oil, and brine zones with 
density-neutron cross-plot logs (Schlumberger, 2016). ................... - 20 - 

Figure 2-7. Relation of porosity and permeability to formation factor for 
consolidated sandstone cores of the Gulf Coast (Archie, 1942). .... - 22 - 

Figure 2-8. Formation factor as a function of porosity according to 
Archieôs first law. The negative gradient of each curve provides 
the cementation exponent with a=1 (Glover, 2015). ........................ - 22 - 

Figure 2-9. Resistivity index as a function of water saturation for a rock 
saturated with water and oil. Solid lines indicate drainage. The 
dark blue line, representing Archieôs second law (n=2), is only 
valid for clean, water-wet, moderately well-connected rocks. 
Rocks with higher connectivity due to intergranular water films 
tend to follow the red curve, while low connectedness or oil-wet 
rocks follow the green and purple trends. It should be noted that 
imbibition can often produce a nonlinear curve (dashed) due to 
the development of oil-wet patches in the rock (Glover, 2015). ...... - 24 - 

Figure 2-10. Sandstone microstructure impacts the porosity-
permeability trends (Ethier and King, 1991). ................................... - 25 - 

Figure 2-11. Effect of grain size and sorting in the porosity-permeability 
trends (Cade et al., 1994). .............................................................. - 25 - 



- xviii - 

Figure 2-12. Mode of shale and clay occurrences in sandstones 
(Asquith, 1990). ............................................................................... - 26 - 

Figure 2-13. Modes of occurrence of authigenic clay in sandstone 
(Wilson and Pittman, 1977). ............................................................ - 26 - 

Figure 2-14. Porosity-permeability trends of clay-free and clay-bearing 
sandstones (Wilson, 1982). ............................................................. - 26 - 

Figure 2-15. General dispersed clay types within sandstone reservoirs 
(Neasham, 1977). ........................................................................... - 27 - 

Figure 2-16. Silica and alumina sheets structure units (above) and 

main clay mineral groups structure, distances not scaled 
(modified from Elementary Engineering Library, 2020). .................. - 28 - 

Figure 2-17. Pore and clay ion mobility in a shaly sand (McPhee et al., 
2015). .............................................................................................. - 28 - 

Figure 2-18. Electrical double layer. (a) TOT structure of clay minerals, 
where T=tetrahedral layer and O=octahedral layer. (b) The 
surface of 2:1 clay minerals in contact with water is charged 
because of amphoteric sites on the edges of the clay crystal and 
basal negative sites associated with isomorphic substitutions in 
the crystalline framework. (c) the mineral charge is compensated 
by cations (M+) and anions (A-), forming a double layer. This 
double layer comprises a sorbed cations (Stern) layer and a 
diffuse layer where the Coulombic interactions between the 
charged mineral surface and the ions prevail. The subscript f 
denotes the fraction of the counter charge located in the Stern 
layer (Revil and Mahardika, 2013). ................................................. - 30 - 

Figure 2-19. Clay mechanisms in sedimentary rocks with fresh water: 
(a) migration, (b) swelling (adapted from Khilar and Fogler, 1983; 
Daneshfar and Moghadasi, 2017; Xiao et al., 2017). ...................... - 32 - 

Figure 2-20. Morphological transformation from nascent to highly 
evolved glauconite (from Hugget al., 2021; modified from Odin 

and Letolle, 1980). .......................................................................... - 36 - 

Figure 2-21. (a) BSE image of the North Sea greensand, scale bar for 
greensand is 100 ɛm, and the image represents macroporosity, 
quartz, and glauconite grains. (b) BSE glauconite grain image 
from Arnager greensand, scale bar for glauconite grain is 1 ɛm. 
Micropores reside within glauconite grain (Hossain et al., 2009). ... - 37 - 

Figure 2-22. Diagram of greensand major grains and clay distribution 
types as grain coating and filling pore throats, glauconite contains 
microporosity. .................................................................................. - 37 - 

Figure 2-23. Variations in potassium atoms as functions of structural 
regularity (Burst, 1958). ................................................................... - 39 - 



- xix - 

Figure 2-24. NMR T2 curve distribution on greensands samples (a) Nini 
field, North Sea (Hossain, 2011a), and (b) Late Paleocene/Early 
Eocene sandstone, North Sea (Rueslatten et al., 1998). A peak 
close to 1 ms represents microporosity, and a peak close to 100 
ms represents macroporosity. ......................................................... - 39 - 

Figure 2-25. Total porosity and air permeability cross-plot showing the 
different trends of clay-free sandstones and greensands. ............... - 41 - 

Figure 2-26. Relationship between pore-filling berthierine (chlorite) 
content of North Sea greensands samples with (a) helium porosity 
and (b) core permeability (Hossain and Zhou, 2015). ..................... - 41 - 

Figure 2-27. Capillary pressure and water saturation cross-plot 
comparing clay-free sandstones and greensands trend. ................. - 44 - 

Figure 2-28. NMR T2 distribution diagram comparing clay-free 
sandstones and greensands distribution. ........................................ - 45 - 

Figure 2-29. Macroporosity and microporosity determination of a North 
Sea greensand sample (a) from NMR T2 distribution and (b) from 
the capillary pressure curve. The dashed vertical line shows a cut-
off of 5.21 ms. The capillary pressure of 100 Psig corresponds to 
a microporosity of 9.1% (Hossain et al., 2011a). ............................. - 45 - 

Figure 2-30. Gas-water relative permeability and water saturation 
cross-plot comparing the trend of clay-free sandstones 
(continuous line) and greensands (dashed line). Krg is gas relative 
permeability, Krw is water relative permeability, Swirr is irreducible 
water saturation, and Srg is residual gas saturation. ........................ - 46 - 

Figure 2-31. P-impedance versus Poissonôs ratio plot, discriminated by 
the Putumayo Basin, Colombia's lithology (colour bar). Dark blue: 
quartz sandstones, light blue: calcareous-glauconitic sandstones, 
green: glauconitic sandstones, orange: quartz-siltstones, and red: 
glauconitic wackestones (Diaz et al., 2003). ................................... - 47 - 

Figure 2-32. Modelling of porosity and velocity relations using rock 

physics diagnostics. Blue circles are Fontainebleau sandstone 
from the Ile De France, black circles are clay-bearing sandstone, 
and green circles are greensands from the North Sea (Hossain 
and Zhou, 2015). ............................................................................. - 48 - 

Figure 2-33. Schematic rock-physics model for the North Sea 
greensand shows the link between the rock-physics model and 
greensand diagenesis. (1) Depositional stage, no diagenesis 
occurs. (2.1) Lack of silica cementation, some greensand is not 
influenced by the silica flux. (2.2) Early silica cementation, the first 
diagenetic mineral to form. (3.1) Pore-filling berthierine 
cementation: berthierine precipitation occurs because 
microcrystalline-quartz cement is absent. (3.2) Berthierine in early 
silica-cemented greensand that causes major porosity reduction. 
(4.) Late diagenetic phase where berthierine continues to grow 
(Hossain et al., 2011b). ................................................................... - 49 - 



- xx - 

Figure 2-34. Nini-1 well logs showing the greensand reservoirs 
intervals (Hermod and Ty sands from the North Sea), (a) gamma-
ray log; (b) porosity logs: bulk density, neutron porosity and 
helium porosity from core analysis; (c) resistivity log and, (d) 
permeability log (using Kozenyôs equation) from core analysis 
(Hossain et al., 2011b). ................................................................... - 52 - 

Figure 2-35. Diagram of conventional well-logs responses in a quartz 
sandstone and greensand formations, from left to right: gamma-
ray log (GR), deep resistivity log (Rdeep), neutron log (NEU), bulk 
density log (DEN), and photoelectric factor log (PEF). .................... - 52 - 

Figure 2-36. Mind map of controls on greensands petrophysics 
according to the literature review conducted. ...................................... 59 

Figure 3-1. Sample ENAP1-9 was classified as accepted (left), and 
sample ENAP1-10 was classified as rejected (right) before core 
preservationðpictures supplied by ENAP. ......................................... 61 

Figure 3-2. Example of the labelling of whole core samples (ENAP2 
set). The red line refers to the liner's right side, and the blue line 
refers to the left side of the liner. T refers to the top, and B to the 
bottom depths. The number marked in black is the well depth in 
metres, and the one marked in blue is the tag number. ...................... 62 

Figure 3-3. Core analysis programme workflow. ......................................... 63 

Figure 3-4. Flowchart of laboratory experiments undertaken in the core 
analysis programme, divided into nine categories: digital imaging, 
mineralogy, bulk volume, pore volume, permeability, capillary 
pressure, electrical measurements, and others. The properties 
estimation and identification of main rock features are listed at the 
end of each category. .......................................................................... 64 

Figure 3-5. Wolfson CT Scanner with seven core plugs of ENAP2 set. ...... 66 

Figure 3-6. Pixel colour map used in final CT scan images. ........................ 66 

Figure 3-7. Signals resulting from the interaction between a primary 

electron beam and specimen (extracted from MyScope, 2023). ......... 67 

Figure 3-8. Scanning electron microscopy model Tescan VEGA3 XM 
consists of a tungsten source machine with a large chamber and 
high sample throughout, equipped with X-max 150 Energy 
Dispersive X-ray spectroscopy (EDS) and Aztec 3.3 software. 
Also RGB filtered cold-cathode (CL) system (reference 
photograph from TARR, 2023). ........................................................... 68 

Figure 3-9. Archimedes mercury immersion diagram (API RP40, 1998). .... 71 

Figure 3-10. Diagram of the stereopycnometer. Vinle= helium inlet 
valve, Vconnect= connecting valve of chambers, Vvent= cell cent 
valve, Pg= sample chamber pressure transducer. .............................. 72 

Figure 3-11. Auto porosity diagram. V1= upstream reservoir, V2= 
downstream reservoir, P1= upstream pressure transducer, P2= 
downstream pressure transducer, Pc= confining pressure gauge. ...... 74 



- xxi - 

Figure 3-12. Scheme of sleeve conformance pressure and pore 
volume detection: (1) the dry core plug is initially confined at low 
pressure; as the confining pressure increases, the helium 
surrounding gas between the sample and the rubber sleeve 
enters the space. (2) The rubber sleeve will progressively conform 
to the sample surface, pushing the helium gas to enter inside the 
pore space. Here is the stress point at which the sleeve exactly 
conforms to the sample surface, known as Sleeve Conformance 
Pressure (SCP) and Conformance Pore Volume (PVconformance). 
(3). From this point onwards, the measurements are considered 
to derive the stressed pore volume of the sample. .............................. 75 

Figure 3-13. Permeability ranges of unconventional reservoirs rocks 
and measurements ranges of different experimental methods. 
Some methods' gradients across the measurement range 
highlight the range over which they are most effective; the solid 
bracket indicates the typical permeability range; the dashed line 
bracket indicates the possible permeability range (modified after 
Sander et al., 2017). ............................................................................ 77 

Figure 3-14. Klinkenberg plot with laboratory core data (McPhee et al., 
2015). .................................................................................................. 78 

Figure 3-15. Diagram of the apparatus for gas pulse-decay experiment. 
V0= V3 large reservoir, V1= upstream reservoir, V2= downstream 
reservoir, ȹP= differential pressure transducer, Pc= confining 
pressure gauge, Pdn= downstream pressure transducer. .................... 79 

Figure 3-16. Diagram of the apparatus for liquid pulse-decay 
experiment. Vup= upstream reservoir, Vdn= downstream reservoir, 
Pp= pore pressure transducer, ȹP= differential pressure 
transducer, PC= confining pressure gauge, and Tch= chamber 
temperature. ........................................................................................ 80 

Figure 3-17. Micromeritics Autopore IV series model (AZO materials, 
2023). .................................................................................................. 81 

Figure 3-18. Schematic of the conformance or closure effect on a 
sample outer surface (Svendsen, 2019). ............................................ 82 

Figure 3-19. Conformance correction examples from ENAP1 and 
ENAP2 sets (a) and (b) display the capillary pressure curves as 
mercury intrudes. (c) and (d) display the pore size distribution 
range as incremental mercury intrusion rate. The conformance or 
closure effect is shown as a dashed green circle. ............................... 83 

Figure 3-20. Schematic diagram of the mercury injection capillary curve 
displaying the entry, displacement, and threshold pressures 
location (DNPuq, 2023). ...................................................................... 85 

Figure 3-21. Cross-plot of mercury saturation vs mercury 
saturation/capillary pressure ratio to obtain the apex parameter 
(Pittman, 1992). ................................................................................... 85 

Figure 3-22. Example of finding the displacement pressure in sample 
ENAP1-31. .......................................................................................... 85 



- xxii - 

Figure 3-23. Example of finding the threshold pressure in samples 
ENAP1-31 and ENAP2-54. ................................................................. 86 

Figure 3-24. During polarisation, protons in fluid align parallel to a static 
magnetic field. A sequence of radio-frequency pulses excites the 
protons, causing them to generate a decaying signal (echo train). 
The wait time can be as much as 12 seconds, whereas echo 
trains typically are several hundred milliseconds long. T1= 
longitudinal relaxation; T2= transversal relaxation; Te= inter echo 
spacing (modified from Menger and Prammer, 2002). ........................ 87 

Figure 3-25. Theoretical relaxation time distributions for a range of pore 
sizes. The pores are black for square panels, whereas the solid 
matrix is white (modified from Mohnke and Yaramanci, 2008). ........... 88 

Figure 3-26. A typical NMR T2 distribution trace and how this 
corresponds to the volume of fluids in place (Coates et al., 1999). ..... 89 

Figure 3-27. Workflow to compute incremental and cumulative T2 
distribution. .......................................................................................... 90 

Figure 3-28. Custom-made sample tube vessel for BET technique in 
Wolfson laboratory. ............................................................................. 92 

Figure 4-1. XRD mineral grouping as clay minerals + quartz + 
plagioclase in %v/v. ENAP1 (left) and ENAP2 (right) compared 
with their overall average indicated in Table 4-1 and ENAP 
reference of 43% v/v clay minerals, 23% v/v quartz and 34% v/v 
feldspar (Britt et al., 2016). .................................................................. 95 

Figure 4-2. Cross-plot of XRF and XRD compositions: (a) potassium vs 
glauconite, (b) sodium vs plagioclase, (c) iron vs clay minerals 
(chlorite + glauconite), and (d) glauconitic mica and smectite 
mineral distribution. ............................................................................. 96 

Figure 4-3. CT scan images from the dataset in an increasing trend of 
voxel standard deviation (from left to right). A black-and-white 
voxel intensity distribution histogram is shown for each orthogonal 

view (0ę and 90ę). ................................................................................ 98 



- xxiii - 

Figure 4-4. ZG greensand SEM images: (A) Sample ENAP1-2 (pay 
sand) is a grain-supported sandstone with plagioclase and 
chlorite dominance in the matrix and overgrowth of glauconitic 
smectite grains. There are large secondary pores present (red 
arrows). (B) Sample ENAP1-18 is a matrix-supported siltstone 
with chlorite and plagioclase grains. (C) Sample ENAP2-19 is a 
grain-supported sandstone with overgrowth of glauconitic 
smectite and mica grains. Pore-lining chlorite and authigenic 
albite are in the isolated pores (red arrows). (D) Sample ENAP1-
27 is poorly sorted with plagioclase, chlorite matrix dominance, 
and glauconitic smectite grains. There are two artificial micro 
fractures (green arrows). (E) Sample ENAP2-12 with artificial 
micro fractures (green arrows) around the edges of glauconitic 
grains. There is a chlorite grain with illite presence on the top left. 
(F) Sample ENAP2-12 shows a major presence of pyrite mineral 
in the matrix with different shapes. (G) Sample ENAP1-6 shows a 
pyrite layer with framboidal distribution of a length of ~400 ɛm. 
There are mixed chlorite-illite and glauconitic mica grains. (H) 
Sample ENAP1-23 has framboidal pyrite in the matrix; this 
sample has the highest XRD pyrite content of 1.8%v/v. plC = 
pore-lining chlorite, g=glauconitic grain, ch=chlorite grain, Al= 
albite, Pl=plagioclase, py=pyrite. ....................................................... 101 

Figure 4-5. ZG greensand pore structure types: (A) Authigenic albite in 
sample ENAP1-22. (B) Chlorite pore lining a secondary pore in 
sample ENAP1-2 (pay sand). (C) Ingrowth of chlorite inside the 
pore of sample ENAP1-13. (D) Glauconitic grain with two isolated 
pores in sample ENAP2-53 with plastic deformation in its edges 
(green arrow). (E) Chlorite pore-filling in sample ENAP2-65. (F) 
Chlorite pore-lining and pore-bridging in sample ENAP2-54 (pay 
sand). (G) Pore-bridging of mixed-layer illite-smectite in sample 
ENAP1-13. (H) Chlorite pore-lining and pore-bridging in sample 
ENAP2-54 (pay sand). Al= albite, Ch=chlorite, G= glauconite, I/S= 
illite-smectite. .................................................................................... 102 



- xxiv - 

Figure 4-6. ZG greensand glauconitic grain types: All the glauconitic 
grains presented plastic deformation on their edges (red arrows). 
(A) Sample ENAP1-28 has slightly evolved grains. The big grain 
has internal fissures, indicating secondary generation growth. It is 
classified as glauconitic mica. (B) Sample ENAP1-27 shows two 
nascent glauconitic grains well-rounded with ghost fossils. It is 
classified as glauconitic micas. (C) Sample ENAP1-21 has two 
slightly evolved glauconitic grains. It is classified as glauconitic 
mica. (D) Sample ENAP1-31 has an evolved glauconitic grain. It 
is classified as glauconitic mica. It has secondary pores on its 
edges (orange arrows). (E) Sample ENAP1-1 shows slightly 
evolved glauconitic mica grains with second-generation growth. 
The one in the centre is an evolved grain since it is divided into 
two grains. (F) Sample ENAP1-15 shows evolved glauconitic 
mica grains. Two of them have an isolated internal pore. (G) 
Sample ENAP2-17 shows a slightly evolved glauconitic mica 
grain with second-generation growth. (H) Sample ENAP2-17 has 
a slightly evolved glauconitic illite-smectite grain with second-
generation growth. (I) Sample ENAP2-24 has an evolved 
glauconitic smectite grain. (J) Sample ENAP2-46 shows an 
evolved glauconitic mica grain with secondary pores on its edges 
(orange arrows). (K) Sample ENAP1-1 shows slightly evolved 
glauconitic mica grains. (L) Sample ENAP1-15 shows evolved 
glauconitic mica and smectite grains. Al= albite, g=glauconitic, Pl= 
plagioclase. ....................................................................................... 105 

Figure 4-7. Cross-plot of XRD clay minerals content and SSA. ................ 106 

Figure 4-8. Cross-plot of dataset bulk density derived from Vernier 
calliper on the X-axis and mercury immersion on the Y-axis. ............ 107 

Figure 4-9. Bar chart of dataset derived porosities: (a) ENAP1 set, (b) 
ENAP2 set. The samples labelled with a coloured line indicate 
they are outliers in the porosity type measurement. .......................... 109 

Figure 4-10. Cross-plot of core helium porosity (x-axis) and stressed 
helium porosity (y-axis) at 3,500 psig. ............................................... 110 

Figure 4-11. Cross-plot of stressed and ambient core helium porosity 
ratio (x-axis) and applied confining pressure (y-axis). ....................... 110 

Figure 4-12. Examples of cross-plot of measured gas permeability vs 
the inverse mean pore pressure to derive the Klinkenberg 
permeability. ...................................................................................... 112 

Figure 4-13. Cross-plot of Klinkenberg permeability at three confining 
pressures of the dataset. ................................................................... 113 

Figure 4-14. Cross-plot of Klinkenberg permeability ratio at 1,500 psigg 
and 3,500 psigg confining pressures of the dataset. ......................... 113 

Figure 4-15. Klinkenberg and brine permeability ratio. .............................. 114 

Figure 4-16. Scatter plot of brine against Klinkenberg gas permeability.... 114 

Figure 4-17. Core helium porosity vs core Klinkenberg permeability at 
3,500 psig confining pressure cross-plot. .......................................... 116 



- xxv - 

Figure 4-18. Porosity and permeability cross-plot discriminated by 
facies 1, 2, and 3. .............................................................................. 117 

Figure 4-19. Exponential and power-of-law correlations for Facies 1 
and 2 together (left side) and Facies 3 separately (right side). ......... 117 

Figure 4-20. Log k/ū vs Log FZI cross-plot with linear correlation of 
Facies 1 and 2 and Facies 3 separately. Facies 3 separates from 
the rest at coordinate [-1.9, -1.9]. ...................................................... 118 

Figure 4-21. Core permeability vs predicted permeability from the FZI 
method for Facies 1 and 2 together (left side) and Facies 3 (right 
side). ................................................................................................. 118 

Figure 4-22. Cross-plots: (a) slippage factor b against Klinkenberg 
permeability, (b) the ratio of Klinkenberg permeability and helium 
porosity, and (c) the ratio of Klinkenberg permeability and MICP 
porosity. Sample ENAP2-19 is an outlier since its permeabilities 
were measured at steady-state, while the rest of the dataset was 
measured with the pulse-decay method. ........................................... 119 

Figure 4-23. Cross-plots comparing core helium porosity type: (a) 
Helium porosity versus brine porosity. (b) Helium porosity versus 
MICP porosity. (c) Helium porosity versus NMR porosity. ................. 124 

Figure 4-24. Cross-plot of core porosity types: (a) NMR porosity versus 
brine porosity. (b) Delta Helium and NMR porosities versus Delta 
Helium and brine porosities. (c) Delta Helium and NMR porosities 
versus clay mineral type. (d) Delta porosities versus core 
permeability at 3,500 psig C.P. ......................................................... 124 

Figure 4-25. Cross-plot of core porosity types: (a) MICP porosity vs 
NMR porosity. (b) MICP porosity vs Brine porosity. .......................... 125 

Figure 4-26. Core permeability vs predicted permeability from the (a) 
exponential,  (b)power-law, and  (c)FZI correlations of the ZG 
dataset. ............................................................................................. 126 

Figure 4-27. Log-log cross-plot of ūZ (pore-volume to grain-volume 

ratio) and RQI (reservoir quality index) with isolines of Log FZI 
separating Facies 1, 2, and 3. ........................................................... 127 

Figure 4-28. Porosity vs permeability cross-plot with isolines of Log FZI 
discriminated by Facies 1, 2, and 3. The black line corresponds to 
the exponential correlation to predict permeability using porosity 
as input of Facies 1 and 2. ................................................................ 127 

Figure 5-1. NMR T2 distributions of the dataset grouped by the average 
of the T2 geometric mean. ................................................................. 133 

Figure 5-2. MICP curve distribution of the dataset, black lines represent 
Group I and red lines represent Group II. ENAP1 set capillary 
curve (a) and PSD (b); three samples from Group II are tagged as 
óAô for the accepted sample and as óRô for the rejected sample. 
ENAP2 set capillary curve (c) and PSD (d). ...................................... 134 



- xxvi - 

Figure 5-3. MICP dataset statistics. (a) Entry pressure histogram. (b) 
Threshold pressure histogram. (c) Pore throat radius weighted 
geometric histogram. (d) Displacement pressure histogram. (e) 
Capillary pressure at 50% mercury saturation histogram. (f) Apex 
pore-throat radius histogram. ............................................................ 138 

Figure 5-4. MICP dataset statistics. (a) Pore-throat sorting with 
quartiles histogram. (b) Pore-throat sorting with 16,50,84 method 
histogram. (c) MICP curve skewness histogram. (d) MICP curve 
kurtosis histogram. ............................................................................ 139 

Figure 5-5. NMR-MICP conversion workflow 1 (MICP inversion 

method). ............................................................................................ 141 

Figure 5-6. NMR-MICP conversion cross-plots from workflow 1. .............. 142 

Figure 5-7. Newton-Raphson method used for the variable Kappa 
method. ............................................................................................. 143 

Figure 5-8. NMR-MICP conversion workflow 2 (variable Kappa). ............. 144 

Figure 5-9. NMR-MICP conversion results in pay sands ENAP1-2 and 
ENAP2-54. ........................................................................................ 146 

Figure 5-10. NMR-MICP conversion results in samples ENAP1-18 and 
ENAP2-24. ........................................................................................ 146 

Figure 5-11. Surface relaxivity vs XRF Fe2O3 cross-plot. .......................... 147 

Figure 5-12. Capillary pressure prediction comparison cross-plot. The 
MICP inversion 1, 2, and 3 corresponds to the groups 1, 2, and 3 
reported in Table 5-5. ........................................................................ 147 

Figure 5-13. Predicted pore throat radius vs Pore throat radius from 
MICP at a 25 %v/v mercury saturation cross-plot comparing the 
dataset with Pittmanôs (1992) correlation. ......................................... 154 

Figure 5-14. Cross-plot used to find the Timur-Coates constant with the 
least square method. ......................................................................... 156 

Figure 5-15. Klinkenberg permeability versus NMR predicted 
permeability from (a) T2 distribution summation, (b) SDR using the 
T2 geometric mean, (c) SDR using the T2 cut-off at MICP 
threshold pressure, (d) Timur-Coates using the T2 geometric 
mean cut-off, and (e) Timur-Coates using the T2 cut-off at MICP 
threshold pressure. ........................................................................... 157 

Figure 5-16. Pore throat radius and permeability cross-plot of ZG 
reservoir cores comparing selected correlations with the dataset: 
(a) at 25%v/v mercury saturation with Pittmanôs, (b) at 35%v/v 
mercury saturation with Winlandôs, (c) at Apex radius with Wells 
and Amaefuleôs, and (d) at Apex radius with Pittmanôs. .................... 160 

Figure 5-17. Best correlations found with MICP data analysis: (a) MICP 
displacement pressure vs. the Weighted geometric mean and 
Apex pore throat radius. (b) MICP threshold pressure vs. Capillary 
pressure at 50% mercury saturation. (c) NMR T2 geometric mean 
vs. Capillary pressure at 50% mercury saturation. ............................ 161 



- xxvii - 

Figure 5-18. NMR T2 distribution trend per petrofacies. ............................ 162 

Figure 5-19. Derived PSD from MICP data discriminated per 
petrofacies. ....................................................................................... 162 

Figure 5-20. Permeability-porosity cross-plot with Pittmanôs (1992) 
isolines at equivalent R25 values. ...................................................... 163 

Figure 5-21. Petrofacies 1 features: (A) SEM image of ENAP2-54. (B) 
NMR T2 distribution where the average T2 geometric mean of the 
cores is indicated. (C) Permeability-porosity cross-plot. (D) 
Capillary pressure curve as an air-mercury system. (E) XRD mica, 
illite-smectite, and chlorite content distribution. (F) Average XRF 
Fe2O3 content and SSA. (G) CT image with voxel standard 
deviation of ENAP1-2. ....................................................................... 164 

Figure 5-22. Petrofacies 2 features: (A) SEM image of ENAP2-62. (B) 
NMR T2 distribution where the average T2 geometric mean of the 
cores is indicated. (C) Permeability-porosity cross-plot. (D) 
Capillary pressure curve as an air-mercury system. (E) XRD mica, 
illite-smectite, and chlorite content distribution. (F) Average XRF 
Fe2O3 content and SSA. (G) CT image with voxel standard 
deviation of ENAP2-44. ..................................................................... 164 

Figure 5-23. Petrofacies 3 features: (A) SEM image of ENAP1-28. (B) 
NMR T2 distribution where the average T2 geometric mean of the 
cores is indicated. (C) Permeability-porosity cross-plot. (D) 
Capillary pressure curve as an air-mercury system. (E) XRD mica, 
illite-smectite, and chlorite content distribution. (F) Average XRF 
Fe2O3 content and SSA. (G) CT image with voxel standard 
deviation of ENAP1-30. ..................................................................... 165 

Figure 6-1. Diagram of the multi-salinity experiment. Pp: pore pressure 
transducer, Pc: confining pressure indicator, ȹP: pressure 
difference transducer, Tch: chamber temperature, Ro: rock 
resistance meter, V1: pump downstream valve, and V2: bypass 
valve (Navarro-Perez et al., 2024). ................................................... 171 

Figure 6-2. Determination of Qv from multiple salinity tests (McPhee et 
al., 2015). .......................................................................................... 171 

Figure 6-3. Compressive testing machine (maximum of 250 KN) 
located in the Wolfson Multiphase Flow Laboratory at the 
University of Leeds, UK. .................................................................... 172 

Figure 6-4. Diagram showing compressional or P-wave velocity (Vp) 
and shear or S-wave velocities (S1 and S2) directions. .................... 173 

Figure 6-5. Apparent formation factor vs helium porosity cross-plot 
discriminated by the PRT units.......................................................... 174 

Figure 6-6. Calculated cementation exponent vs helium porosity cross-
plot with linear correlation. ................................................................ 175 

Figure 6-7. Cementation exponent (m) cross-plot: calculated vs 
predicted from linear correlation, the dark blue data points belong 
to the pay sands in the PRT3 unit. .................................................... 175 



- xxviii - 

Figure 6-8. Resistivity measurements of ENAP2 set at three confining 
pressures: (a) cross-plot of rock resistivity to reservoir 
temperature discriminated by the PRT unit, and (b) cross-plot of 
the confining pressure resistivities at reservoir temperature vs 
ENAP2 well depth. ............................................................................ 176 

Figure 6-9. Rock (Co) and brine (Cw) conductivities cross-plot from the 
multisalinity experiment on ENAP1-2 core (Navarro-Perez et al., 
2024). ................................................................................................ 177 

Figure 6-10. Cation contribution in total CEC per sample bar chart with 
the chemical leaching method. .......................................................... 178 

Figure 6-11. Total derived CEC measurements per PRT unit from the 
chemical leaching method. The black line indicates the average 
value of 23 meq/100g. Samples ENAP2-12, ENAP2-19, and 
ENAP2-27 were grouped as fracture samples. ................................. 178 

Figure 6-12. Ultrasonic velocities for Petrofacies 1 (ENAP2-54) and 2: 
(a) P-wave velocity, (b) S1-wave velocity, and (c) S2-wave 
velocity. ............................................................................................. 179 

Figure 6-13. P-wave and S1-wave velocities cross-plots at different 
confining pressures: (a) 500 psig, (b) 1450 psig, (c) 2900 psig, 
and (d) 4350 psig. ............................................................................. 180 

Figure 6-14. Plot comparing the deep and shallow resistivities logs with 
core resistivity at reservoir temperature per depth and 
discriminated per PRT (petrofacies) unit (of well ENAP2 with Ro 
measured at a confining pressure of 3,500 psig................................ 181 

Figure 6-15. Cementation exponent (m) cross-plots with (a) logarithm 
of core helium porosity with empirical correlation following Cluff et 
al. (2009); (b) core helium porosity discriminated by PRT units. 
Correl1 in the black line corresponds to the empirical correlation 
found in Figure 6-6, and Correl2 in the red dashed line 
corresponds to the empirical correlation found following Cluff et al. 

(2009). ............................................................................................... 182 

Figure 6-16. Cementation exponent (m) cross-plot (a) calculated vs 
predicted from correlation found in Figure 6-6; (b) calculated vs 
predicted from correlation found in following Cluff et al. (2009). ....... 182 

Figure 6-17. Cementation exponent (m) with porosity cross-plots 
discriminated by (a) XRF iron content and (b) XRD chlorite 
content. ............................................................................................. 183 

Figure 6-18. Cross-plot of cementation exponent (m) with porosity 
discriminated by standard deviation counting of voxels from CT 
scan images. Some CT images are displayed to visualize the 
trend of the degree of heterogeneity as m increases. ....................... 184 

Figure 6-19. Cross-plot of cementation exponent (m) with porosity 
discriminated by the specific surface area (SSA). Some SEM 
images are displayed to visualize the grain and pore distribution 
trend. ................................................................................................. 184 



- xxix - 

Figure 6-20. Cross-plot of MICP pore-throat radius at 25% mercury 
saturation (r25) with (F·Kg)0.5 following Ziarani and Aguilera (2012) 
correlation discriminated by (a) the cementation exponent and (b) 
the specific surface area. .................................................................. 185 

Figure 6-21. (a) Normal probability plot of (1/ɖe) of the dataset. (b) 
frequency and cumulative histogram. ................................................ 186 

Figure 6-22. (a) Electrical efficiency vs porosity for all ERTs. (b) 
Cementation exponent vs 1/ln(∑He) for the identified electrical rock 

types (ERTs). .................................................................................... 186 

Figure 6-23. Electrical efficiency (ɖe) cross-plots with (a) core porosity, 

(b) iron content, (c) clay content, (d) chlorite content, (e) quartz 
content, and (f) plagioclase content. ................................................. 187 

Figure 6-24. Cross-plots of ENAP2 set: (a) cementation exponent (m) 
vs rock resistivity at the measured three confining pressures and 
(b) comparison of measured cementation exponent at 1,500 psig 
C.P. vs 3,500 psig C.P. ..................................................................... 188 

Figure 6-25. Plots from multisalinity experiment on ENAP1-2: (a) 
permeability ratio reduction trend, (b) NMR T2 distribution trend 
(modified from Navarro-Perez et al., 2024). ...................................... 189 

Figure 6-26. Pore water conductivity (Cw) cross-plots from multisalinity 
experiment in ENAP1-2: (a) apparent formation factor, (b) 
cementation exponent. ...................................................................... 190 

Figure 6-27. (a) Vs1 vs Vp discriminated at confining pressures of 
2,900 and 4,350 psig, respectively, and compared with Castagna 
et al. (1985) mudrock line. (b) Cross-plot of measured vs 
predicted Vp at 2,900 psig CP with Castagna et al. (1985) 
mudrock line. (c) Cross-plot of measured vs predicted Vp at 4,350 
psig CP with Castagna et al. (1985) mudrock line............................. 191 

Figure 6-28. Vs and Vp for worldwide mudrocks from in-situ sonic and 
field seismic measurements from Castagna et al.ôs (1985) study. .... 192 

Figure 6-29. (a) Core porosity vs Vp cross-plot discriminated by 
lithological units at 4,350 psig C.P. and compared with Wyllie et 
al. (1958) and Raymer et al. (1980) correlations. A linear empirical 
correlation is shown. (b) Cross-plot of measured vs predicted Vp 
with Raymer et al. (1980) correlation. (c) Cross-plot of measured 
vs predicted Vp with linear empirical correlation. (d) Cross-plot of 
measured vs predicted Vp with Wyllie et al. (1958) correlation. 
The chloritic sample ENAP2-54 was not added in the cross-plots 
(b), (c), and (d). ................................................................................. 193 

Figure 6-30. (a) Core porosity vs Vp cross-plot discriminated by 
glauconitic sandstone cores at 4,350 psig C.P. and compared 
with selected correlations. (b) Cross-plot of measured vs 
predicted Vp with Han et al. (1986) correlation. (c) Cross-plot of 
measured vs predicted Vp with Castagna et al. (1958) correlation. 
(d) Cross-plot of measured vs predicted Vp with Tosaya (1982) 
correlation. ........................................................................................ 194 



- xxx - 

Figure 6-31. (a) Core porosity vs Vp cross-plot discriminated by 
glauconitic sandstone cores at 4,350 psig C.P. and compared 
with multilinear regression (MLR) equation. (b) Cross-plot of 
measured vs predicted Vp with MLR correlation. .............................. 194 

Figure 6-32. Core helium porosity vs Vp cross-plots at a confining 
pressure of 4,350 psig discriminated by (a) XRD clay minerals 
and (b) XRF iron content. .................................................................. 195 

Figure 6-33. Core helium porosity vs Vp cross-plot with some SEM 
images at a scale of 200 µm and CT scan images of cores. ............. 196 

Figure 6-34. Vp/Vs1 ratio cross-plots at a confining pressure of 4,350 
psig: (a) cementation exponent vs Vp/Vs1 discriminated by the 
plagioclase content; (b) rock resistivity vs Vp/Vs1 discriminated by 
the iron content; (c) clay content vs Vp/Vs1 discriminated by the 
Poissonôs ratio; (d) core permeability vs Vp/Vs1 discriminated by 
the chlorite content. ........................................................................... 198 

Figure 6-35. Geomechanical properties cross-plots at a confining 
pressure of 4,350 psig: (a) plagioclase content vs Poissonôs ratio 
discriminated by clay content; (b) core helium porosity vs 
Impedance from Vp discriminated by bulk density. ........................... 199 

Figure 7-1. Petrophysical evaluation workflow diagram. ........................... 206 

Figure 7-2. Bulk density and neutron porosity cross-plot of calibration 
(a), validation (b), and propagation (c) groups. ................................. 208 

Figure 7-3. Quick-look interpretation of ENAP1 well. Track1: ZG 
formations name. Track2: True vertical depth (m). Track3: 
Measured depth (m). Track4: Borehole, BS= Bit size 6.12ò, 
HCAL= calliper. Track5: GrC=gamma-ray, SP=spontaneous 
potential. The preliminary cutoff value for greensand and 
claystone is 80 API. Track6: AT90=deep resistivity, 
RXOZ=invaded formation resistivity, and RXOZ/Rdeep ratio. 
Porous rock shading occurs in the crossover from RXOZ to AT90. 

Track7: DTSM=compressional transit time, DTCO=shear transit 
time, VPVS< 1.75 identifies the pay zone (ENAP cut-off). Track8: 
SDR permeability model from NMR tool. Track9: mineralogy logs 
derived from the CMR tool. ............................................................... 209 

Figure 7-4. Quick-look interpretation of ENAP2 well. Track1: ZG 
formations name. Track2: True vertical depth (m). Track3: 
Measured depth (m). Track4: Borehole, BS= Bit size 6.12ò, 
HCAL= calliper. Track5: GrC=gamma-ray, SP=spontaneous 
potential. The preliminary cutoff value for greensand and 
claystone is 80 API. Track6: AT90=deep resistivity, 
RXOZ=formation resistivity, and RXOZ/Rdeep ratio. Porous rock 
shading occurs in the crossover from RXOZ to AT90. Track7: 
DTSM=compressional transit time, DTCO=shear transit time, 
VPVS< 1.75 identifies the pay zone (ENAP cut-off). Track8: 
mineralogy logs derived from the CMR tool. ..................................... 210 



- xxxi - 

Figure 7-5. Gamma-ray readings of wells ENAP1 (blue), ENAP2 (light 
blue), WX1 (green), WX2 (purple), and WX3 (red-brown) 
histogram. The average minimum, maximum, and mean values 
lines are shown. ................................................................................ 211 

Figure 7-6. Neutron porosity (v/v) and bulk density (kg/m3) cross-plot of 
key and validators wells per subzone. The pay sands are 
coloured in magenta and were not considered to establish the 
clean sandstone line. ........................................................................ 212 

Figure 7-7. Clay volume estimation of ENAP1 well. Track 1: True 
vertical depth (m). Track 2: ZG subzones name. Track 3: Gamma-
ray log (API). Track 4: Photoelectric factor log (barns/e). Track 5: 
Bulk density (kg/m3) and neutron porosity (v/v) logs. Track 6: Clay 
volume estimation from each selected indicator. Track 7: Final 
clay volume in black line (VCL). XRD core data in red dots. Clay 
volume derived from the CMRPlus tool (kgf/kgf). .............................. 213 

Figure 7-8. Clay volume estimation of ENAP2 well. Track 1: True 
vertical depth (m). Track 2: ZG subzones name. Track 3: Gamma-
ray log (API). Track 4: Photoelectric factor log (barns/e). Track 5: 
Bulk density (kg/m3) and neutron porosity (v/v) logs. Track 6: Clay 
volume estimation from each selected indicator. Track 7: Final 
clay volume in black line (VCL). XRD core data in red dots. Clay 
volume derived from the CMRPlus tool (kgf/kgf). .............................. 213 

Figure 7-9. Porosity logs vs core porosity of ENAP1 well. Track 1: True 
vertical depth (m). Track 2: ZG subzones name. Track 3: Density 
porosity (red), NMR porosity (blue), core helium porosity (black 
dot), core NMR porosity (blue dot). Track 4: Neutron porosity 
(green). Track 5: Sonic porosity (purple). .......................................... 214 

Figure 7-10. Porosity logs vs core porosity of ENAP2 well. Track 1: 
True vertical depth (m). Track 2: ZG subzones name. Track 3: 
Density porosity (red), NMR porosity (blue), core helium porosity 
(black dot), core NMR porosity (blue dot). Track 4: Neutron 

porosity (green). Track 5: Sonic porosity (purple). ............................ 215 

Figure 7-11. Porosity logs vs core porosity of WX1 and WX2 wells. 
Track 1: True vertical depth (m). Track 2: ZG subzones name. 
Track 3: Density porosity (blue), NMR porosity (red). Track 4: 
Sonic porosity (purple), NMR porosity (red). ..................................... 216 

Figure 7-12. Permeability model of ENAP1 well. Track 1: True vertical 
depth (m). Track 2: ZG subzones name. Track 3: NMR porosity 
log from Timur-Coates (black), NMR porosity log from SDR (blue), 
core permeability (black dot). Track 4: Synthetic permeability log 
(red). Track 5: Computed Log FZI (black) with a cutoff value -
1.25. .................................................................................................. 217 

Figure 7-13. Permeability model of ENAP2 well. Track 1: True vertical 
depth (m). Track 2: ZG subzones name. Track 3: core 
permeability (black dot), synthetic permeability log (black). Track 
4: Computed Log FZI (black) with a cutoff value -1.25. ..................... 217 



- xxxii - 

Figure 7-14. Permeability model of WX2 (validator) and WX9 
(propagation) wells. Track 1: True vertical depth (m). Track 2: ZG 
subzones name. Track 3: Synthetic permeability log (black). Track 
4: Computed Log FZI (black) with a cutoff value -1.25. ..................... 218 

Figure 7-15. Pickettôs plot of well ENAP1. The left side shows the 
glauconitic sandstone subzones with m=2.02, and the right side 
shows the chloritic sandstone subzone with m=3.0. The X-axis 
shows the deep resistivity log, and the Y-axis shows the total 
porosity log, which is discriminated by gamma-ray log readings 
from 40 to 120 API. ........................................................................... 219 

Figure 7-16. Water saturation models in well ENAP2. Track1: 
Measured depth (m). Track2: ZG Subzones name. Track3: 
Gamma-ray (green) and photoelectric factor (purple). Track4: 
Reservoir markers Log FZI (black) displays the PTR1 facies 
location shading in blue, and Vp/Vs ratio (blue) displays the PTR1 
facies location shading in lime. Track 5: Porous rock shading in 
light brown occurs in the crossover from RXOZ to AT90. Track6: 
Cation-exchange capacity curves used in the Waxman-Smits 
model, from core data (black) and log data (blue). Track7: total 
gas production from mudlogging data (red triangles). Track8: Sw 
Archieôs model. Track9: Sw Indonesian model. Track10: Sw 
Modified Simandoux model. Track11: Sw Waxman-Smits model. .... 220 

Figure 7-17. Net pay (red) and reservoir (green) location in well 
ENAP1. Track 1: True vertical depth (m). Track 2: ZG subzone 
name. Track 3: Gamma-ray (green) and photoelectric factor 
(purple) logs. Track 4: Porosity (v/v). Track5: Water saturation 
(v/v). Track6: Clay volume (v/v). ........................................................ 221 

Figure 7-18. Petrophysical evaluation of well ENAP1: Track 1: True 
vertical depth (m). Track 2: Subzone name. Track 3: Gamma-ray 
(green) and photoelectric factor (purple) logs. Track 4: Deep 
resistivity (red) and formation resistivity (magenta) logs. Porous 
rock shading in light brown occurs in the crossover from RXOZ to 
AT90. Track5: Neutron porosity (green) and bulk density (red) 
logs. Gas effect shading in light grey occurs in the crossover from 
RHOC to NPHI. Track6: Reservoir markers Log FZI (black) 
displays the PTR1 facies location shading in blue, and Vp/Vs ratio 
(blue) displays pay sand location shading in lime. Track7: Clay 
and sandstone lithology. Track8: Total porosity (black). A cut-off 
value of 18%v/v in shading gold. Track9: Permeability (black). A 
cut-off value of 0.01 mD in shading red. Track10: Water saturation 
(black). Gas saturation shading in green, water saturation in light 
blue, and a cut-off value of Sw= 65%v/v in red. ................................ 223 



- xxxiii - 

Figure 7-19. Petrophysical evaluation of well ENAP2: Track 1: True 
vertical depth (m). Track 2: Subzone name. Track 3: Gamma-ray 
(green) and photoelectric factor (purple) logs. Track 4: Deep 
resistivity (red) and formation resistivity (magenta) logs. Porous 
rock shading in light brown occurs in the crossover from RXOZ to 
AT90. Track5: Neutron porosity (green) and bulk density (red) 
logs. Gas effect shading in light grey occurs in the crossover from 
RHOC to NPHI. Track6: Reservoir markers Log FZI (black) 
displays the PTR1 facies location shading in blue and Vp/Vs ratio 
(blue) displays pay sand location shading in lime. Track7: Clay 
and sandstone lithology. Track8: Total porosity (black). A cut-off 
value of 18%v/v in shading gold. Track9: Permeability (black). A 
cut-off value of 0.01 mD in shading red. Track10: Water saturation 
(black). Gas saturation shading in green, water saturation in light 
blue, and a cut-off value of Sw= 65%v/v in red. ................................ 224 

Figure 7-20. Clay volume plot comparison of XRD (X-axis) with log 
data (Y-axis). ..................................................................................... 226 

Figure 7-21. Well ENAP1. Track 1: True vertical depth (m). Track 2: ZG 
subzone name. Track 3: Gamma-ray (green) and photoelectric 
factor (purple) logs. Track 4: Deep resistivity (ohm·m). Track5: 
Vp/Vs ratio log with grey shading below 1.70. Track6: Vp/Vs ratio 
log with grey shading below 1.75. Track7: Clay volume (v/v). ........... 226 

Figure 7-22. Porosity plots comparison: core porosity (X-axis) with 
porosity log data (Y-axis): (a) density method, (b) neutron method, 
(c) sonic method, and (d) NMR tool. ................................................. 228 

Figure 7-23. Bar chart comparison of pay sand samples' core and log 
porosity data: (a) ENAP1-2, (b) ENAP2-54. ...................................... 229 

Figure 7-24. Well ENAP2. Track 1: True vertical depth (m). Track 2: ZG 
subzone name. Track 3: cementation exponent m (black) log from 
correlation 1 (linear). Track 4: Water saturation log using 
correlation 1 and the modified Simandoux model. Track5: 
cementation exponent m (black) log from average values. Track6: 
Water saturation log using average values of m and the modified 
Simandoux model. Track7: cementation exponent m (black) log 
from correlation 2 (natural logarithmic). Track8: Water saturation 
log using correlation 2 and the modified Simandoux model. ............. 230 

Figure 7-25. Cross-plot comparison of water saturation log values with 
the average m values (X-axis) and on the Y-axis: (a) Correlation 1 
(linear). (b) Correlation 2 (ERT)......................................................... 231 

Figure 7-26. Well ENAP1. Track 1: True vertical depth (m). Track 2: ZG 
subzone name. Track 3: Photoelectric factor (purple), Vp/Vs ratio 
(blue), and Log FZI (black) logs. Track 4: Deep (red) and 
formation (magenta) resistivity logs. Track5: Water saturation log 
with Archieôs model. Track6: Water saturation log with the 
Indonesian model. Track7: Water saturation log with the modified 
Simandoux model. Track8: Water saturation log with the 
Waxman-Smits model. ...................................................................... 232 



- xxxiv - 

Figure 7-27. Wells ENAP2 (a) and WX1 (b). Track 1: True vertical 
depth (m). Track 2: ZG subzone name. Track 3: Photoelectric 
factor (purple) and gamma-ray (green) logs. Track 4: Reservoir 
markers Log FZI (black) displays the PTR1 facies location 
shading in blue, and the Vp/Vs ratio (blue) displays the PTR1 
facies location shading in lime. Track 5: Porous rock shading in 
light brown occurs in the crossover from RXOZ to AT90. Track6: 
Cation-exchange capacity curves used in the Waxman-Smits 
model, from core data (black) and log data (blue). Track7: total 
gas production from mudlogging data (red triangles). Track8: Sw 
Archieôs model. Track9: Sw Indonesian model. Track10: Sw 
Modified Simandoux model. Track11: Sw Waxman-Smits model. .... 234 

Figure 7-28. 1/ūT vs Qvapp, cross-plot of wells ENAP1 (left) and 
ENAP2 (right), discriminated by gamma-ray log readings. ................ 234 

Figure 7-29. 1/ūT vs Qvapp cross-plot of well ENAP2 with core data. 
Linear correlation does not consider the PTR1 unit. ......................... 235 

Figure 7-30. Computed Indonesian Sw (X-axis) vs computed modified 
Simandoux Sw (Y-axis) of key wells ENAP1 (left) and ENAP2 
(right), discriminated by subzones. Note the underestimation of 
the Indonesian in subzone ZG bottom2, which corresponds to the 
pay sand location. ............................................................................. 236 

Figure 7-31. Cross-plot of Sw log profiles of modified Simandoux (X-
axis) vs Indonesian (Y-axis) of the pay sand area of key wells. ........ 236 

Figure 7-32. Sensitivity analysis cross-plots: (a) varying clay resistivity, 
Rcl. (b) varying water resistivity, Rw. (c) varying clay volume, Vcl. ... 237 

Figure A-1. Cross-plot of number of scans versus water volume. ............. 272 

Figure A-2. Cross-plot of signal per scan versus water volume. ............... 272 

Figure A-3. Cross-plot of hydrogen index and salt concentration. ............. 273 

Figure B-1. ENAP1 mineralogy (top) and major chemical components 
(bottom) against depth. The green rectangle indicates the location 

of the pay sand core. ......................................................................... 279 

Figure B-2. ENAP2 mineralogy (top) and major chemical components 
(bottom) against depth. The green rectangle indicates the location 
of the pay sand core. ......................................................................... 280 

Figure C-1. Apex position of the ZG dataset using Pittmanôs (1992) 
workflow. ........................................................................................... 284 



- xxxv - 

Figure C-2. (a) Predicted vs actual pore-throat radius at 35%v/v 
mercury saturation with MLR in MS Excel. (b) Predicted vs actual 
pore-throat radius at 35% mercury saturation with Winlandôs 
correlation. (c) Predicted vs actual pore-throat radius at 35%v/v 
mercury saturation with Kolodzieôs correlation. (d) Predicted vs 
actual pore-throat radius at 15%v/v mercury saturation with 
Pittmanôs correlation. (e) Predicted vs actual pore-throat radius at 
20%v/v mercury saturation with Pittmanôs correlation. (f) Predicted 
vs actual pore-throat radius at 25%v/v mercury saturation with 
Pittmanôs correlation. ......................................................................... 285 

Figure C-3. (g) Predicted vs actual pore-throat radius at 30%v/v 
mercury saturation with Pittmanôs correlation. (h) Predicted vs 
actual pore-throat radius at 35%v/v mercury saturation with 
Pittmanôs correlation. (i) Predicted vs actual pore-throat radius at 
40%v/v mercury saturation with Pittmanôs correlation. (j) Predicted 
vs actual pore-throat radius at 45%v/v mercury saturation with 
Pittmanôs correlation. (k) Predicted vs actual pore-throat radius at 
50%v/v mercury saturation with Pittmanôs correlation. (l) Predicted 
vs actual pore-throat radius at 55%v/v mercury saturation with 
Pittmanôs correlation. ......................................................................... 286 

Figure C-4. (m) Predicted vs actual pore-throat radius at 60%v/v 
mercury saturation with Pittmanôs correlation. (n) Predicted vs 
actual pore-throat radius at 65%v/v mercury saturation with 
Pittmanôs correlation. (o) Predicted vs actual pore-throat radius at 
70%v/v mercury saturation with Pittmanôs correlation. (p) 
Predicted vs actual pore-throat radius at 75%v/v mercury 
saturation with Pittmanôs correlation. ................................................. 287 

Figure D-1. Calibration cross-plot with aluminium alley bars. .................... 290 

Figure E-1. Diagram of bulk density (g/cc) and neutron porosity (v/v) 
cross-plot to define the clean sandstone endpoints 1 and 2 with 
the clay point (Geoactive Ltd., 2024). ................................................ 304 

Figure E-2. Clay volume estimation of WX1 well. Track 1: Depth (m). 
Track 2: ZG subzones name. Track 3: Gamma-ray log (API). 
Track 4: Photoelectric factor log (barns/e). Track 5: Bulk density 
(kg/m3) and neutron porosity (v/v) logs. Track 6: Clay volume 
estimation from each selected indicator. Track 7: Final clay 
volume in black line (VCL). Clay volume derived from the 
CMRPlus tool (kgf/kgf). ..................................................................... 305 

Figure E-3. Clay volume estimation of WX2 well. Track 1: Depth (m). 
Track 2: ZG subzones name. Track 3: Gamma-ray log (API). 
Track 4: Photoelectric factor log (barns/e). Track 5: Bulk density 
(kg/m3) and neutron porosity (v/v) logs. Track 6: Clay volume 
estimation from each selected indicator. Track 7: Final clay 
volume in black line (VCL). Clay volume derived from the 
CMRPlus tool (kgf/kgf). ..................................................................... 306 



- xxxvi - 

Figure E-4. Clay volume estimation of WX3 well. Track 1: Depth (m). 
Track 2: ZG subzones name. Track 3: Gamma-ray log (API). 
Track 4: Photoelectric factor log (barns/e). Track 5: Bulk density 
(kg/m3) and neutron porosity (v/v) logs. Track 6: Clay volume 
estimation from each selected indicator. Track 7: Final clay 
volume in black line (VCL). Clay volume derived from the 
CMRPlus tool (kgf/kgf). ..................................................................... 307 

Figure E-5. Clay volume estimation of WX4 well. Track 1: Depth (m). 
Track 2: ZG subzones name. Track 3: Gamma-ray log (API). 
Track 4: Photoelectric factor log (barns/e). Track 5: Bulk density 
(kg/m3) and neutron porosity (v/v) logs. Track 6: Clay volume 
estimation from each selected indicator. Track 7: Final clay 
volume in black line (VCL). ............................................................... 308 

Figure E-6. Clay volume estimation of WX5 well. Track 1: Depth (m). 
Track 2: ZG subzones name. Track 3: Gamma-ray log (API). 
Track 4: Photoelectric factor log (barns/e). Track 5: Bulk density 
(kg/m3) and neutron porosity (v/v) logs. Track 6: Clay volume 
estimation from each selected indicator. Track 7: Final clay 
volume in black line (VCL). ............................................................... 309 

Figure E-7. Clay volume estimation of WX6 well. Track 1: Depth (m). 
Track 2: ZG subzones name. Track 3: Gamma-ray log (API). 
Track 4: Photoelectric factor log (barns/e). Track 5: Bulk density 
(kg/m3) and neutron porosity (v/v) logs. Track 6: Clay volume 
estimation from each selected indicator. Track 7: Final clay 
volume in black line (VCL). ............................................................... 310 

Figure E-8. Clay volume estimation of WX7 well. Track 1: Depth (m). 
Track 2: ZG subzones name. Track 3: Gamma-ray log (API). 
Track 4: Photoelectric factor log (barns/e). Track 5: Bulk density 
(kg/m3) and neutron porosity (v/v) logs. Track 6: Clay volume 
estimation from each selected indicator. Track 7: Final clay 
volume in black line (VCL). ............................................................... 311 

Figure E-9. Clay volume estimation of WX8 well. Track 1: Depth (m). 
Track 2: ZG subzones name. Track 3: Gamma-ray log (API). 
Track 4: Photoelectric factor log (barns/e). Track 5: Bulk density 
(kg/m3) and neutron porosity (v/v) logs. Track 6: Clay volume 
estimation from each selected indicator. Track 7: Final clay 
volume in black line (VCL). ............................................................... 312 

Figure E-10. Clay volume estimation of WX9 well. Track 1: Depth (m). 
Track 2: ZG subzones name. Track 3: Gamma-ray log (API). 
Track 4: Photoelectric factor log (barns/e). Track 5: Bulk density 
(kg/m3) and neutron porosity (v/v) logs. Track 6: Clay volume 
estimation from each selected indicator. Track 7: Final clay 
volume in black line (VCL). ............................................................... 313 



- xxxvii - 

Figure E-11. Clay volume estimation of WX10 well. Track 1: Depth (m). 
Track 2: ZG subzones name. Track 3: Gamma-ray log (API). 
Track 4: Photoelectric factor log (barns/e). Track 5: Bulk density 
(kg/m3) and neutron porosity (v/v) logs. Track 6: Clay volume 
estimation from each selected indicator. Track 7: Final clay 
volume in black line (VCL). ............................................................... 314 

Figure E-12. Screenshot of the Porosity tab from the Basic Log 
Analysis Function module in IP (Geoactive Ltd., 2024). .................... 315 

Figure E-13. Petrophysical evaluation of well WX1: Track 1: True 
vertical depth (m). Track 2: Subzone name. Track 3: Gamma-ray 
(green) and photoelectric factor (purple) logs. Track 4: Deep 
resistivity (red) and formation resistivity (magenta) logs. Porous 
rock shading in light brown occurs in the crossover from RXOZ to 
AT90. Track5: Neutron porosity (green) and bulk density (red) 
logs. Gas effect shading in light grey occurs in the crossover from 
RHOC to NPHI. Track6: Reservoir markers Log FZI (black) 
displays the PTR1 facies location shading in blue, and Vp/Vs ratio 
(blue) displays pay sand location shading in lime. Track7: Clay 
and sandstone lithology. Track8: Total porosity (black). A cut-off 
value of 18%v/v in shading gold. Track9: Permeability (black). A 
cut-off value of 0.01 mD in shading red. Track10: Water saturation 
(black). Gas saturation shading in green, water saturation in light 
blue, and a cut-off value of Sw= 65%v/v in red. ................................ 318 

Figure E-14. Petrophysical evaluation of well WX2: Track 1: True 
vertical depth (m). Track 2: Subzone name. Track 3: Gamma-ray 
(green) and photoelectric factor (purple) logs. Track 4: Deep 
resistivity (red) and formation resistivity (magenta) logs. Porous 
rock shading in light brown occurs in the crossover from RXOZ to 
AT90. Track5: Neutron porosity (green) and bulk density (red) 
logs. Gas effect shading in light grey occurs in the crossover from 
RHOC to NPHI. Track6: Reservoir markers Log FZI (black) 
displays the PTR1 facies location shading in blue, and Vp/Vs ratio 
(blue) displays pay sand location shading in lime. Track7: Clay 
and sandstone lithology. Track8: Total porosity (black). A cut-off 
value of 18%v/v in shading gold. Track9: Permeability (black). A 
cut-off value of 0.01 mD in shading red. Track10: Water saturation 
(black). Gas saturation shading in green, water saturation in light 
blue, and a cut-off value of Sw= 65%v/v in red. ................................ 319 



- xxxviii - 

Figure E-15. Petrophysical evaluation of well WX3: Track 1: True 
vertical depth (m). Track 2: Subzone name. Track 3: Gamma-ray 
(green) and photoelectric factor (purple) logs. Track 4: Deep 
resistivity (red) and formation resistivity (magenta) logs. Porous 
rock shading in light brown occurs in the crossover from RXOZ to 
AT90. Track5: Neutron porosity (green) and bulk density (red) 
logs. Gas effect shading in light grey occurs in the crossover from 
RHOC to NPHI. Track6: Reservoir markers Log FZI (black) 
displays the PTR1 facies location shading in blue, and Vp/Vs ratio 
(blue) displays pay sand location shading in lime. Track7: Clay 
and sandstone lithology. Track8: Total porosity (black). A cut-off 
value of 18%v/v in shading gold. Track9: Permeability (black). A 
cut-off value of 0.01 mD in shading red. Track10: Water saturation 
(black). Gas saturation shading in green, water saturation shading 
in light blue, and a cut-off value of Sw= 65%v/v in red. ..................... 320 

Figure E-16. Petrophysical evaluation of well WX4: Track 1: True 
vertical depth (m). Track 2: Subzone name. Track 3: Gamma-ray 
(green) and photoelectric factor (purple) logs. Track 4: Deep 
resistivity (red) and formation resistivity (magenta) logs. Porous 
rock shading in light brown occurs in the crossover from RXOZ to 
AT90. Track5: Neutron porosity (green) and bulk density (red) 
logs. Gas effect shading in light grey occurs in the crossover from 
RHOC to NPHI. Track6: Reservoir markers Log FZI (black) 
displays the PTR1 facies location shading in blue, and Vp/Vs ratio 
(blue) displays pay sand location shading in lime. Track7: Clay 
and sandstone lithology. Track8: Total porosity (black). A cut-off 
value of 18%v/v in shading gold. Track9: Permeability (black). A 
cut-off value of 0.01 mD in shading red. Track10: Water saturation 
(black). Gas saturation shading in green, water saturation in light 
blue, and a cut-off value of Sw= 65%v/v in red. ................................ 321 

Figure E-17. Petrophysical evaluation of well WX5: Track 1: True 
vertical depth (m). Track 2: Subzone name. Track 3: Gamma-ray 
(green) and photoelectric factor (purple) logs. Track 4: Deep 

resistivity (red) and formation resistivity (magenta) logs. Porous 
rock shading in light brown occurs in the crossover from RXOZ to 
AT90. Track5: Neutron porosity (green) and bulk density (red) 
logs. Gas effect shading in light grey occurs in the crossover from 
RHOC to NPHI. Track6: Reservoir markers Log FZI (black) 
displays the PTR1 facies location shading in blue, and Vp/Vs ratio 
(blue) displays pay sand location shading in lime. Track7: Clay 
and sandstone lithology. Track8: Total porosity (black). A cut-off 
value of 18%v/v in shading gold. Track9: Permeability (black). A 
cut-off value of 0.01 mD in shading red. Track10: Water saturation 
(black). Gas saturation shading in green, water saturation in light 
blue, and a cut-off value of Sw= 65%v/v in red. ................................ 322 



- xxxix - 

Figure E-18. Petrophysical evaluation of well WX6: Track 1: True 
vertical depth (m). Track 2: Subzone name. Track 3: Gamma-ray 
(green) and photoelectric factor (purple) logs. Track 4: Deep 
resistivity (red) and formation resistivity (magenta) logs. Porous 
rock shading in light brown occurs in the crossover from RXOZ to 
AT90. Track5: Neutron porosity (green) and bulk density (red) 
logs. Gas effect shading in light grey occurs in the crossover from 
RHOC to NPHI. Track6: Reservoir markers Log FZI (black) 
displays the PTR1 facies location shading in blue, and Vp/Vs ratio 
(blue) displays pay sand location shading in lime. Track7: Clay 
and sandstone lithology. Track8: Total porosity (black). A cut-off 
value of 18%v/v in shading gold. Track9: Permeability (black). A 
cut-off value of 0.01 mD in shading red. Track10: Water saturation 
(black). Gas saturation shading in green, water saturation in light 
blue, and a cut-off value of Sw= 65%v/v in red. ................................ 323 

Figure E-19. Petrophysical evaluation of well WX7: Track 1: True 
vertical depth (m). Track 2: Subzone name. Track 3: Gamma-ray 
(green) and photoelectric factor (purple) logs. Track 4: Deep 
resistivity (red) and formation resistivity (magenta) logs. Porous 
rock shading in light brown occurs in the crossover from RXOZ to 
AT90. Track5: Neutron porosity (green) and bulk density (red) 
logs. Gas effect shading in light grey occurs in the crossover from 
RHOC to NPHI. Track6: Reservoir markers Log FZI (black) 
displays the PTR1 facies location shading in blue, and Vp/Vs ratio 
(blue) displays pay sand location shading in lime. Track7: Clay 
and sandstone lithology. Track8: Total porosity (black). A cut-off 
value of 18%v/v in shading gold. Track9: Permeability (black). A 
cut-off value of 0.01 mD in shading red. Track10: Water saturation 
(black). Gas saturation shading in green, water saturation in light 
blue, and a cut-off value of Sw= 65%v/v in red. ................................ 324 

Figure E-20. Petrophysical evaluation of well WX8: Track 1: True 
vertical depth (m). Track 2: Subzone name. Track 3: Gamma-ray 
(green) and photoelectric factor (purple) logs. Track 4: Deep 

resistivity (red) and formation resistivity (magenta) logs. Porous 
rock shading in light brown occurs in the crossover from RXOZ to 
AT90. Track5: Neutron porosity (green) and bulk density (red) 
logs. Gas effect shading in light grey occurs in the crossover from 
RHOC to NPHI. Track6: Reservoir markers Log FZI (black) 
displays the PTR1 facies location shading in blue, and Vp/Vs ratio 
(blue) displays pay sand location shading in lime. Track7: Clay 
and sandstone lithology. Track8: Total porosity (black). A cut-off 
value of 18%v/v in shading gold. Track9: Permeability (black). A 
cut-off value of 0.01 mD in shading red. Track10: Water saturation 
(black). Gas saturation shading in green, water saturation in light 
blue, and a cut-off value of Sw= 65%v/v in red. ................................ 325 



- xl - 

Figure E-21. Petrophysical evaluation of well WX9: Track 1: True 
vertical depth (m). Track 2: Subzone name. Track 3: Gamma-ray 
(green) and photoelectric factor (purple) logs. Track 4: Deep 
resistivity (red) and formation resistivity (magenta) logs. Porous 
rock shading in light brown occurs in the crossover from RXOZ to 
AT90. Track5: Neutron porosity (green) and bulk density (red) 
logs. Gas effect shading in light grey occurs in the crossover from 
RHOC to NPHI. Track6: Reservoir markers Log FZI (black) 
displays the PTR1 facies location shading in blue, and Vp/Vs ratio 
(blue) displays pay sand location shading in lime. Track7: Clay 
and sandstone lithology. Track8: Total porosity (black). A cut-off 
value of 18%v/v in shading gold. Track9: Permeability (black). A 
cut-off value of 0.01 mD in shading red. Track10: Water saturation 
(black). Gas saturation shading in green, water saturation in light 
blue, and a cut-off value of Sw= 65%v/v in red. ................................ 326 

Figure E-22. Petrophysical evaluation of well WX10: Track 1: True 
vertical depth (m). Track 2: Subzone name. Track 3: Gamma-ray 
(green) and photoelectric factor (purple) logs. Track 4: Deep 
resistivity (red) and formation resistivity (magenta) logs. Porous 
rock shading in light brown occurs in the crossover from RXOZ to 
AT90. Track5: Neutron porosity (green) and bulk density (red) 
logs. Gas effect shading in light grey occurs in the crossover from 
RHOC to NPHI. Track6: Reservoir markers Log FZI (black) 
displays the PTR1 facies location shading in blue, and Vp/Vs ratio 
(blue) displays pay sand location shading in lime. Track7: Clay 
and sandstone lithology. Track8: Total porosity (black). A cut-off 
value of 18%v/v in shading gold. Track9: Permeability (black). A 
cut-off value of 0.01 mD in shading red. Track10: Water saturation 
(black). Gas saturation shading in green, water saturation in light 
blue, and a cut-off value of Sw= 65%v/v in red. ................................ 327 

 



- 1 - 

Chapter 1  
Overview  

This chapter introduces the research topic, highlighting the current state of the 

art and the contribution of this work. It then follows by explaining the 

investigation scope and presenting the case study. Then, it describes the 

project limitations and finishes with this dissertation's structure. 

1.1  Introduction  

Glauconitic sandstones, also known as greensands, are a complex rock type that 

produces oil or gas worldwide reservoirs, e.g. Lower Senonian Matulla in the Gulf of 

Suez, Egypt (Patchett et al., 1993), Caballos Formation, Colombia (Diaz et al., 2003), 

Mardie Greensand, Australia (Hatcher et al., 1996), North Sea Greensand (Thomas 

et al., 2003), the Upper T Napo Formation, Ecuador (Yang et al., 2019), the 

Magallanes Formation, Argentina (Aimar et al., 2018). These reservoirs are clastic 

quartz rocks characterised by a considerable amount of glauconite and other clay 

minerals such as illite-smectite mixed layer, chlorite, and pyrite. They typically have 

poor to moderate porosity (< 15 %v/v) and ultra-low to low permeability (< 1 mD for 

tight gas), often classifying them as tight formations. Due to these characteristics, 

hydraulic fracturing is frequently the only viable technology to make them producible. 

The presence of glauconite and other clay minerals in greensands results in several 

unique properties, such as a bimodal pore size distribution due to the presence of 

macropores between framework grains and micropores between clay minerals 

(Dodge et al., 1996). Chemical analysis suggests they have a high iron, potassium 

(Odin and Letolle, 1980) and boron content (Harder, 1969). They also have a 

considerable cation-exchange capacity (Patchett et al., 1993). These features 

significantly affect main wire-line log readings (e.g. gamma-ray, density, neutron, and 

resistivity), making standard well-log interpretation techniques unreliable for 

estimating petrophysical properties. Hence, a core analysis programme is crucial for 

accurately determining petrophysical properties, calibrating the petrophysical model, 

and estimating producing hydrocarbons-in-place. 

Archie's (1942) model is still used to interpret electrical logs to determine water 

saturation in tight gas sandstones, TGS henceforth, including clayey formations. 

Usually, the correlational factor (a), the cementation (m), and saturation (n) 

exponents are fitted to laboratory measurements of the sandstone samples' resistivity 

with varying brine saturation. The values obtained are then used to estimate the water 
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saturation of reservoirs from wire-line log data. Unfortunately, there often exists a 

significant uncertainty in the hydrocarbon saturation because the original Archie 

model does not take into account how clay minerals impact electrical logs, particularly 

at low water salinity. Glauconites alter the rock's deep resistivity, and other water 

saturation models, such as Waxman and Smits (1968) or the Dual-Water (Clavier et 

al., 1977, 1984), which includes the clayey conduction term, need to be applied. 

Cut-off criteria to define net pay in TGSs are challenging due to poor quality rock 

property measurements and potentially inaccurate readings of traditional logging 

tools; as such, the traditional well-log interpretation methods are unsuitable. Also, 

due to the high heterogeneity of TGSs, variable cut-off values are more likely to be 

used than fixed ones (Worthington, 2009). Nuclear magnetic resonance (NMR) 

technology counteracts such factors by measuring the net magnetisation of hydrogen 

nuclei inside a core with a transverse relaxation time, T2, without interfering with the 

rock microstructure. The NMR response to gas is shorter than in oil, which is shorter 

than that of brine, and the fluids volume and pore size distribution (PSD) can be 

estimated from NMR logs. An empirical T2 cut-off may assist in defining the ratio of 

mobile to immobile fluids (e.g. Coates et al., 1999).  

Similarly, laboratory mercury injection capillary pressure (MICP) data can be used to 

build the saturation-height distribution, which can be used to estimate how gas 

saturation varies in function of the height above the free water level (e.g. McPhee et 

al., 2015). Also, permeability can be derived from NMR and MICP techniques using 

empirical correlations (Coates et al., 1999; Comisky et al., 2007). This is an 

advantage when no good quality core is acquired from the field, as these analyses 

use side wall cores and cuttings, respectively. Furthermore, it is common practice to 

convert NMR T2 data to MICP data and vice versa with a scaling factor since the 

pore-body size may be derived from the NMR T2 data and the pore-throat radius may 

be derived from MICP data (Marshall et al., 1995). Hence, a customised workflow 

with the scaling factor assists in deriving PSDs and permeability at the log scale when 

capillary data is unavailable, but NMR logging is.  

Few published works propose innovative workflows in estimating the petrophysical 

properties of greensand reservoirs (e.g. Patchett et al., 1993; Hatcher et al., 1996; 

Zhang et al., 2000; Thomas et al., 2003; Klein et al., 2006; Hossain, 2011a; Prayoga 

et al., 2018). However, these studies often focus on specific geological and 

sedimentary settings and do not fully answer the question: how does the presence of 

glauconite and other clay minerals impact the petrophysical properties, especially for 

estimating water saturation? 

Understanding this impact is crucial because glauconite can significantly alter the 

electrical properties of the rock, potentially leading to inaccurate estimates of water 
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saturation and, consequently, hydrocarbon reserves. This knowledge gap presents 

a significant challenge in accurately characterising greensand reservoirs. 

This research project investigates the petrophysical properties (e.g. porosity, 

permeability, electrical resistivity, ultrasonic velocities and capillary pressure) and 

their microstructural controls for the Zona Glauconitica (ZG) from the Magallanes 

basin in Tierra del Fuego island, Chilean Patagonia. This reservoir is often referred 

to as tight greensand as it often contains a high concentration of glauconite. The work 

combines laboratory analyses of the ZG reservoir with wire-line log data to create a 

calibrated workflow to aid reservoir characterisation. The work increases 

understanding of formation petrophysics, particularly the ability to accurately estimate 

the porosity, permeability, clay volume, and water saturation. 

1.2  Scope of research  

This research project aims to increase the quality of the petrophysical 

characterisation and well-log interpretation of a greensand tight gas, defined as the 

ZG formation, in Southern Chile by completing the following specific objectives (SOs): 

SO1. Identify the key controls on the petrophysical properties of the ZG tight 

sandstone and establish their relationship to the microstructure. 

SO2. Compare empirical and theoretical water saturation models that include the 

electrical behaviour of clays and select the best fit for the ZG formation. 

SO3. Propose an integrated workflow for establishing a suitable petrophysical 

model in the ZG formation. 

Each specific objective is executed with a different approach, and by combining them, 

an integrated workflow develops to fulfil the overall aim (Figure 1-1). The core analysis 

programme (SO1) follows the Wolfson Multiphase Flow Laboratory protocols at the 

School of Earth and Environment, University of Leeds, divided into petrographic and 

petrophysical analysis. On the one hand, the petrographic analysis determines the 

mineral and chemical composition and rock microstructure (e.g. heterogeneity, 

porosity type, clay minerals particles location and distribution). On the other hand, 

the petrophysical analysis measures the porosity, permeability, water saturation, 

capillary pressure, and rock resistivity, among other parameters, in unstressed and 

stressed conditions, respectively.  
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Figure 1-1. Specific objectives overall scheme. 

SO2 consists of studying the electrical rock properties of the ZG formation and finding 

any correlation with the results from SO1. Two techniques are selected to understand 

the clay minerals' contribution to the rock microstructure; in other words, to test which 

water saturation model best describes the ZG reservoir. The results from SO1 and 

SO2 help calibrate and build a robust petrophysical model through well-log 

interpretation (SO3), thus defining the clay volume, porosity, water saturation and 

permeability estimation. 

1.3  Case study: ZG play, Tierra del Fuego island, Southern 

Chile  

1.3.1  Background  

Chilean gas and oil exploration and production only occurs in the Magallanes basin 

(Austral basin on the Argentinian side), located in the southern part of the country, 

the Chilean Patagonia. ENAP is the state-owned national oil company in the 

Magallanes basin since the 1950s. It has initiated a roadmap of fossil fuel production 

by applying conventional and unconventional technologies and providing port 

logistics services to its clients (ENAP, 2022). 

In 2015, ENAP began its exploration phase of the Zona Glauconitica Formation, 

shortened as ZG, in the Magallanes basin. ZG is a glauconite-rich sandstone that 

contains chlorite-rich subzones; in other words, it is a greensand formation located in 

the Arenal Block field north of Tierra del Fuego island (Figure 1 -2). Garay et al. (2022) 

reported that 140 ZG producer wells, out of 320 active wells operated by ENAP, 

produced 70% of the overall gas over the last seven years in the Magallanes basin. 

The Arenal Block is in a remote location, which presents several challenges for 

producing gas, such as transporting equipment, materials and personnel and the 



- 5 - 

logistics of the different play development phases (Alqatrani et al., 2016; Britt et al., 

2016). 

The ZG formation, located between 2 to 3 km below the sea level, has a gross 

thickness between 50 to 150 metres. It features an ultra-low-to-low permeability 

(0.001 ï 0.1 mD) and a low-to-moderate porosity between 10 ï 25 %v/v (Figure 1 -3). 

The reservoirôs mineralogical immaturity is attributed to the rapid accumulation of 

volcaniclastics from the western Andean orogeny and continental lowlands, likely 

deposited in a low-energy, middle-to-outer shelf environment during a transgressive 

phase. This immaturity is reflected in its average composition of 43% clay (primarily 

glauconite and chlorite minerals), 34% feldspar, 23% quartz, and 3% tuff (Figure 1 -4). 

The high proportion of unstable minerals (clay and feldspar) relative to quartz 

indicates minimal weathering and transportation of the sediments before deposition. 

Diagenetic processes, such as calcite cementation and grain compaction, reduced 

the original porosity, though some porosity was preserved through the leaching of 

labile grains (Pinto et al., 2022). Stratigraphically, it belongs to the Eocene epoch 

of the Paleogene period, situated below the Bahía Inutil Group Formation (Figure 

1-5). 

 

Figure 1 -2. ZG formation location: maps showing continental location (left); Arenal block 
location in light blue and red rectangle indicating the ZG area on the northern area from 
Tierra del Fuego Island (right) (Gonzalez-Gonzalez et al., 2018). 
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Figure 1 -3. Core permeability vs core porosity cross-plot (Gonzalez-Gonzalez et al., 2018). 

 

Figure 1 -4. Mineralogical content of the ZG greensand formation (Britt et al., 2016). 
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Figure 1 -5. Generalized geologic setting of Magallanes Basin, from left to right: geological 
age, formation unit, typical fossil and mineral content, tectonic phase and the two 
polygon fault systems which extend through the source in the Upper Cretaceous into 
and through the ZG formation in the early Eocene (Britt et al., 2016). 

The ZG formation has peculiar gamma-ray and induction log trends attributed to its 

high clay minerals. Figure 1 -6 shows the gamma-ray (green line) and induction (red 

line) logs of a ZG well divided into seven subunits. The pay sand is located between 

the ZG_SUP-2 and ZG_INF-4 subunits. On one side, the gamma-ray log has a bell 

pattern, from ZG_INF-2 to ZG_SUP-2, and a funnel pattern, from ZG_INF-2 to 

ZG_SUP-2, where it is evident that the formation is more in a clayey sequence than 

a sandstone sequence. Conversely, the induction log contrasts the gamma-ray log 

shape throughout the depth. Alqatrani et al. (2018) used the gamma-ray log to identify 

the formation lithology. They defined the criteria of less than 65 API units to be 

considered glauconitic sand, between 65 and 100 API units to be considered siltstone 

and higher than 100 API units to be shale. 

The modified Simandoux model was used to estimate the water saturation, assuming 

m= 2.09, n= 1.66, and a= 1. The reservoir water formation salinity and resistivity are 

12,000 ppm and 4 ohms·m, respectively, meaning the formation water is fresh to 

brackish (Carpenter, 1978). 

Finally, Figure 1 -7 displays the well-interpretation of clay volume, porosity and water 

saturation of a ZG well. Gamma-ray and the photoelectric factor logs defined the 

sandstone and clayey zones (chlorite and glauconite presence) for clay volume. The 
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porosity model based on the nuclear magnetic resonance (NMR) tool is contrasted 

with core porosity. Finally, the water saturation in the last track (modified Simandoux 

model) shows gas stores between the ZG_INF-2 and ZG_INF-4. 

 

Figure 1 -6. ZG logs: track #1 gamma-ray log; track #2 depth; track #3 lithology; track #4 
petrofacies; track #5 ichnofossils: Thl=Thalassinodes isp., Hlm=Helminthopsigs isp., 
Z=Zoophycos isp. and Ch=Chondrites isp.; track #6 bioturbation index: red=high, 
yellow=moderate and green=low; track #7 induction log (Gonzalez-Gonzalez et al., 
2018). 
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Figure 1 -7. Well-log interpretation results. Black and red dots are core data from laboratory analysis of ENAP. Track #1 gamma-ray (GR) log; track #2 depth, track 
#3 subunits name; track #4 chlorite content; track #5 illite content; track #6 clay volume from chlorite and illite; track #7 mineral log; track #8 clay volume 
from GR log; track #9 corrected clay volume from PEF log; track #10 porosity from sonic log; track #11 porosity from density-neutron logs; track #12 porosity 
from NMR log and track #13 water saturation: light blue is water and red is hydrocarbon (Gonzalez-Gonzalez et al., 2018). 
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1.3.2  Dataset  

The dataset consists of well-log data and documentation of ZGôs twelve vertical wells, 

two of which have core samples available (Figure 1-8). The labelling for these wells is 

ENAP1 and ENAP2, while the rest are labelled from WX1 to WX10. This dataset 

corresponds to 5.5% of the 220 wells that produced tight gas from ZG in 2019. The 

selection criteria for these wells are that they have the most complete log tracks and 

some with core availability. Also, they are strategically located in the extend of the Arenal 

block from north to south and west to east, creating an imaginary irregular rectangle with 

an area of 96.2 km2.  

Table 1-1 shows the conventional logs from Schlumbergerôs PEX (Platform Express) 

technology used in this project. All logs were received in LAS format. The following 

logging tools from Schlumberger complemented the petrophysical calibration process of 

the wells ENAP1 and ENAP2, and also WX1 to WX3, respectively: 

ǐ The ECS (Elemental Capture Spectroscopy) tool provided lithological logs from 

elements and matrix properties. 

ǐ The CMR (Combinable Magnetic Resonance) tool provided the NMR estimation of 

permeability, water cut, and hydrocarbon pore volume. 

ǐ The NGS (Natural Gamma-ray Spectrometry) tool provided uranium, thorium, and 

potassium spectral gamma-ray logs. 

ENAPôs documentation includes conference papers, mudlogging reports, and PVT data 

(Table 1-2). Here, the gas chromatography of each well (except ENAP1) was converted 

into a LAS file. The supplied samples for laboratory testing are side wall core plugs of 

1-inch diameter and whole cores of 10 cm diameter ( 

Table 1-3). 
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(a) 

 
(b) 

Figure 1-8. (a) Geolocalization of Tierra del Fuego island with political division (yellow lines): the 
left side locates the Magallanes and Chilean Antarctica region, and the right locates the 
Argentinian Tierra del Fuego province. (b) Geolocalization of the twelve wells north of Tierra 
del Fuego island, Chilean side. 

Table 1-1. The conventional logs used for petrophysical evaluation workflow. 

Log name  Tag name  Unit  

Gamma-ray GR API 

Bit size BS inches 

Calliper CALI inches 

Spontaneous potential SP mV 

Deep resistivity AT90 ohm·m 

Invaded formation resistivity RXOZ ohm·m 

Bulk density RHOC kg/m3 

Density standoff correction HDRA kg/m3 

Neutron porosity NPHI v/v 

Photoelectric factor PEF barns/e 

Temperature TEM Celsius degrees 

Delta-T Compressional DTCO µs/ft 

Delta-T Shear DTS µs/ft 

Compression and Shear 

velocity ratio 
VPVS unitless 

Table 1-2. Documents provided by ENAP. 

Document Type  Quantity  Purpose  

Conference paper 8 Information about published works from the Reservoir 
Development Department regarding the ZG formation. 

Mudlogging report 12 Description of the formation top, geological information, 
well deviation, and drilling stages. 

PVT study 2 Information about the gas thermodynamic properties. 
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Table 1-3. Core sampling information of the wells ENAP1 and ENAP2. 

Well  Sample type and size  Quantity  
Depth interval 

(MD) 
Gross thickness  

(MD) 

ENAP1 Sidewall cores. Diameter of 
23 mm and length range 
between 25 to 33 mm. 

32 
2,127.00 ï 
2,185.00 

58.00 

ENAP2 Whole cores. Diameter and 
length of 100 mm. 

15 
2,218.40 ï 
2,248.96 

30.56 

MD = measured depth in metres. 

1.4  Study limitations  

This PhD project has potential limitations due to the laboratory's available timing and 

sampling size. The project started on June 1st, 2019. Access to the laboratories was 

suspended from March 2020 to November 2020 due to the COVID-19 pandemic, 

delaying all experimental work for eight months. Nonetheless, all the planned work was 

conducted but delayed the data processing and analysis. The original project proposed 

undertaking a history-matching simulation of the ZG formation production in ECLIPSE, 

and because of the delayed data acquisition, this objective could not be achieved. On 

another hand, the ENAP1 well sampling size was small (sidewall core plugs) compared 

to the whole cores of the ENAP2 well, presenting a sampling bias in terms of quantity 

availability and not repeatability in measurements at the laboratory. 

The time constraint attributed to an external factor (COVID-19) was handled by drawing 

an alternative pathway towards a more robust investigation in the laboratory by selecting 

specific techniques to be applied in tight clayey sandstones. In addition, ultrasonic 

velocities measurements. This new study route, presented in this dissertation, 

contributes to best practices in laboratory protocols when dealing with moderate clay 

minerals portion in tight rocks. 

Finally, the potential sampling bias was identified early in this project before the arrival 

of ENAP1 core plugs. Following the Wolfson laboratory training and guidelines, a 

workflow involving careful handling, order of analysis selection, and quantity distributed 

per core plugs were planned. Moreover, identifying biased measurements and their 

contribution to uncertainty was executed when undertaking data processing and 

interpretation. 

1.5  Thesis structure  

This dissertation comprises eight chapters, following the logical order of an investigation: 

introduction, literature review, methodology, results and discussions, conclusions, and 

recommendations. 
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Chapter 1 (current) introduces the overview of the main research topic, describes the 

case study and establishes the study limitations. 

Chapter 2 presents the fundamentals of petrophysical concepts, the state-of-the-art on 

the petrophysical properties in greensands, its challenges in estimating them, and 

findings in their controls. 

Chapter 3 describes the laboratory experiments and techniques undertaken in the core 

analysis programme. 

Chapter 4 presents the results of the ZG mineralogy, microstructure, porosity and 

permeabilityðempirical correlations between them and their petrophysical controls. 

Chapter 5 presents the results of the ZG pore size distribution derived from MICP and 

NMR data. It also presents identified petrofacies units and their distinctive features. 

Chapter 6 presents the results of the ZG electrical and ultrasonic velocities, the methods 

used, findings related to its cation-exchange capacity, and elastic parameters. 

Chapter 7 presents the results of the ZG petrophysical model with an integrative 

methodology fitted to the coring results, findings in the clay volume, porosity, water 

saturation and permeability estimation at the logging scale. 

Chapter 8 provides the investigation's conclusions according to defined objectives and 

recommendations for future work. 
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Chapter 2  
Petrophysical properties  overview and the challenges in  

greensands  reservoir characterisation  

This chapter overviews the petrophysical fundamentals, including rock 

microstructure and clay minerals. It then describes the petrophysical properties 

of worldwide greensands, their primary clay minerals, and the challenges in 

petrophysically characterising this reservoir formation. Finally, it discusses how 

to counteract these challenges by recommending tools and identifying 

petrophysical controls from the literature review. 

2.1  Petrophysics fundamentals  

Petrophysics studies the physical, chemical and electrical properties of rocks and their 

interactions with fluids within petroleum systems (e.g. Archie, 1942). The fundamental 

petrophysical properties characterise the many aspects of the porous rock media in 

terms of void space, mobility, pressure gradient, rock-fluid interaction, electrical 

behaviour, and fluid type, phase and content. This section briefly defines the main 

petrophysical properties, their interrelationships, and key features of rock microstructure. 

2.1.1  Petrophysical concepts review  

Reservoir rocks are deposited and buried for millions of years in the subsurface, storing 

organic matter and fluids that interact with the rock matrix. Chemical and biological 

reactions occur in such media, altering the rock-type formation as sedimentation 

advances, e.g. clay or shale presence. The reservoir rock comprises grains, mineral 

coatings, fluids (water and petroleum), and a complex pore network. Water may flow as 

a free fluid or be clung to the clay-bound and capillary-bound zones (Figure 2 -1). The 

latter two are water between the grains' surface and mineral interlayers; capillary-bound 

water represents the thin water layers physically bound to the rock by capillary forces, 

while clay-bound water (CBW) refers to the thin water layers electrochemically bound to 

the clay lattice. 

 

Figure 2 -1. Fundamental constituents of a reservoir rock (Schlumberger, 2020). 
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Porosity, permeability, saturation, and capillary pressure are the four main petrophysical 

properties used to characterise reservoir rocks (Table 2-1) in terms of void space, fluids 

mobility or transmissibility, fluid content, and the pressure difference between immiscible 

fluids within the pore-throat radius, respectively. These are interrelated, and their 

magnitude depends on the rock microstructure and environmental conditions such as in-

situ stress, pressure and temperature; thus, by comprehending which rock properties 

control or govern these petrophysical properties, the calibration and prediction from core 

to log data will be more reliable. 

Table 2-1. Petrophysical primary properties formulas. 

Property Formula Reference 

Porosity 
‰

ὖέὶὩ ὠέὰόάὩ

ὄόὰὯ ὠέὰόάὩ

ὖὠ

ὄὠ
 

▫T: total porosity (v/v), PV: pore volume (cc), BV: bulk volume (cc). 
API RP40 (1998) 

Permeability 

Ὧ
ή ‘ ὒ

ɝὖ ὃ
 

k: permeability (Darcy), q: flowrate (cc/s), ɛ: fluid viscosity (cP), L: 

rock length (cm), A: rock cross-sectional area (cm), ȹP: pressure 

difference across the rock (atm). 

Darcy's Law 
(1856) 

Saturation 
Ὓ

ὊὰόὭὨ Ὥ ὺέὰόάὩ

ὖέὶὩ ὠέὰόάὩ

ὠ

ὖὠ
 

Si: gas, oil or water saturation (v/v), Vi: fluid volume (cc), PV: pore 

volume (cc). 

API RP40 (1998) 

Capillary 
pressure 

ὖ ὖ ὖ 
Pc: capillary pressure, Pnw: non-wetting phase pressure, Pw: wetting 

phase pressure. 

ὖ ” ” ὫὬ 
Pc: capillary pressure (Pa), ɟw: water density (kg/m3), ɟhyd: 

hydrocarbon density (kg/m3), gc: gravity acceleration constant 9.8 

m2/s, h: liquid height difference (m). 

Young (1805); 
Laplace (1806) 

 

Porosity (▫) is  referred to as total porosity (▫T) when it includes free mobile and enclosed 

fluids. In contrast, effective porosity is defined in petrophysics as "the total porosity less 

any water associated with clay minerals in the rock" (Dodge et al., 1996, p. 2), visually 

explained in Figure 2 -2. In addition, Pittman (1979) classified four basic types of 

sandstone porosity: intergranular, dissolution, micro and fracture porosities. The first 

three porosity types are related to the rock texture; intergranular porosity is the pore 

volume between grains. Dissolution porosity results from the dissolution of mineral 

grains during diagenesis; its values range from excellent to poor depending on the 

connection between pores. Microporosity is related to pore sizes less than 0.5 ɛm, 

commonly associated with detrital and authigenic clay minerals; the portion rock here 

has a high surface area, low permeability, high irreducible water saturation and increased 

sensitivity to freshwater. Conversely, fracture porosity represents the pore spaces in 

natural or artificial fractures that could enhance the interconnected pore throats.  
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Figure 2 -2. Fundamental constituents of reservoir rock in terms of porosity and clay terms 
(modified after Hook, 2003). 

Permeability (k) measures the rocks' ability to transmit the fluids, and it is expressed in 

area units, typically one millidarcy or mD, i.e. approximately 0.986923x10-12 m2. In 

petrophysics, three permeability types are used in terms of the fluids involved (i.e. oil, 

gas or water), expressed in Equation 2ï1 and defined according to API RP40 (1998): 

a) Absolute permeability represents the rock's permeability to a single-phase fluid. 

b) Effective permeability represents the permeability of a single fluid in a multi-phase 

system. 

c) Relative permeability is the ratio between the effective permeability of a particular 

fluid and the absolute permeability in a multi-phase system. It is unitless and generally 

varies from 0 to 1. The relative permeability to different phases is defined as: 

Equation 2ï1 

Ὧ
Ὧ

Ὧ
ȟ            Ὧ
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Ὧ
ȟ Ὧ

Ὧ

Ὧ
 

 where krg, kro and krw are the gas, oil and water relative permeability, respectively 

(unitless); keg, keo and kew are the gas, oil and water effective permeability, respectively 

(mD); k is the absolute permeability (mD). 

Saturation (Si) describes the fraction of a particular fluid phase in the void spaces of a 

rock. A rock may contain a combination of water, oil and gas, and the sum of their 

saturations equals 1 or 100%. Additionally, two water saturations are defined according 

to the minimum amount available in the rock formation; the connate water (Swc) refers to 

the water formation trapped inside the rock throughout its geologic history. On the other 

hand, the irreducible water saturation (Swirr) is the maximum amount of immobile water 

trapped inside the pores. Sometimes, it is referred to as critical water saturation, and 

typically, it is the term used in laboratory measurements and empirical correlations (Tiab 

and Donaldson, 2012). 

In a water-wet system, while buoyancy or gravitational forces push the water column 

downwards, capillary forces push it upwards. Since oil and water cannot mix because 
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they are immiscible, a pressure is generated between them known as the capillary 

pressure (Pc). This pressure is a driving force for water (or other fluid) to flow into narrow 

spaces; it rises because it adheres to the walls of the solid until gravitational forces 

balance it. The Young-Laplace equation (Table 2-1) describes this phenomenon, which 

involves the pressure difference between the wetting and non-wetting phases, the 

interfacial tension, the interface radius, and the wetting angle of the liquid on the surface 

of the capillary. Therefore, the buoyancy and capillary pressure driving forces govern 

which fluid will flow inside the pore throat networks (Figure 2-3). 

 

Figure 2-3. Diagram illustrating the interplay between capillary pressure and buoyancy as oil 
globule moves through a pore: (A) Pressure difference across oil-water interface resits 
distortion of globule required if it moves through pore throat. (B) The buoyant force is 
sufficient to distort the oil globule. However, the capillary pressure of the globule in the pore 
throat exceeds because the pore throat radius is smaller than the maximum pore radius. 
(C) Part of the buoyant force of the globule above the pore equals the capillary pressure in 
the pore throat. (D) Buoyant force above the pore is larger than capillary pressure in the 

pore throat, and the globule moves upwards. ɔ = interfacial tension, r = radius of the oil 

globule, D = grain radius, rp = pore radius, rt = pore-throat radius (Modified after Berg, 1975). 

In a petroleum reservoir, the location of fluids depends on how they have been distributed 

inside the pore networks and on their in-situ density. Since oil (and gas) density is lower 

than water, hydrocarbon will be located on the top of the water zone. Conventional gas 

reservoirs will have a free-gas level, transition zone, gas-water contact, and free-water 

level (FWL). Following the gas pathway of secondary migration (drainage capillary 

pressure curve) from a seal to a reservoir rock in Figure 2 -4:  

1. The reservoir rock is fully water-saturated. Regarding fluids and column pressure, 

the pressure difference (capillary pressure) between gas and water is zero, and 

only water is produced. This point is known as the free-water level (FWL). 

2. Gas starts to push forward and achieves the first entry in the larger pore throats 

(displacement pressure, PD); this point is the gas-water contact (GWC). 
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3. Gas continues to migrate through the reservoir rock over water, known as the 

transition zone, into smaller pore throats. 

4. Gas fully saturates the effective pore volume of the reservoir rock, and the water 

left is trapped inside enclosed pore throats, i.e. capillary and bound-water zones 

(irreducible water saturation). 

As can be seen, there is an inverse relationship between capillary pressure and the water 

saturation of a reservoir rock; the higher the capillary pressure, the lesser the water 

saturation and vice versa (in a water-wet rock). Since the gas (or oil) migrates from large 

to small pore-throats, the capillary pressure curve moves towards the left as permeability 

increases and the entry pressure decreases; hence, the irreducible water saturation 

decreases. 

 

Figure 2 -4. Fluid distribution in a conventional gas reservoir schematic. Pg and Pw are the gas 
and water column pressure, ȹP is the pressure difference between these fluids, Pc is the 
capillary pressure, FWL is the free-water level, GWC is the gas-water contact, and Pe is the 
entry pressure of the gas inside the first macropore of the rock. The log Pc vs Sw plot shows 
three lines indicating the increase in permeability when shifting towards the left side; the 
red line highlights the position of the irreducible water saturation Swirr in the plot. 

In TGS, the capillary pressure curves are steeper with higher pressure due to their 

narrow pore size distribution. Hence, the gas movement depends on capillary forces 

(e.g. Mo et al., 2020). TGSs are stress- and salt-sensitive and present gas slippage (e.g. 

Gong et al., 2022; Mo et al., 2020; Farahani et al., 2019). Their gas-water relative 

permeability curve is peculiar. In a specific water (and gas) saturation range at a gas and 

water relative permeability below 0.02, there is no capacity flowing of either gas or water, 

and both are jailed or trapped in the pore volume. This concept is known as "permeability 
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jail" (Shanley et al., 2004; Cluff and Byrnes, 2010) and explains the effective permeability 

decrease of gas and water as a function of saturation history (Figure 2 -5). 

 

Figure 2 -5. Schematic illustration of capillary pressure and relative permeability relationships in 
traditional and low-permeability reservoir rocks. Critical water saturation (Swc), critical gas 
saturation (Sgc), and irreducible water saturation (Swirr) are shown (Shanley et al., 2004). 

2.1.2  Electrical parameters  

Resistivity logs measure the electrical behaviour of rock formations. Several theoretical 

and empirical formulations are used to estimate the water saturation within the rock 

based on its resistivity (or conductivity). This subsection summarises the electrical 

parameters needed to estimate water saturation with Archieôs (1942) worldwide 

accepted empirical model. 

Resistivity measures the ability of a substance to impede electrical flow and is expressed 

in ohm·m2/m, or simply ohm·m; it can be calculated using:  

Equation 2ï2 

Ὑ
”ὃ

ὒ
 

 where R is the electrical resistivity expressed (ohm·m), ɟ is the electrical 

resistance (ohms), A is the cross-sectional area of rock material exposed to the current 

flow (m2), and L is the length of the material (m). 

Conductivity measures a substanceôs ability to transmit electrical flow, and it is the 

resistivity reciprocal, expressed in mhos/m or Simens/m.  
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Two electrical current components in the reservoir rock contribute to its conductivity: the 

in-situ water and the clay minerals surrounding the bound water. Hydrocarbons have 

practically zero conductivity, which makes them relatively easy to identify on the 

resistivities log as their resistivity is very high (Figure 2 -6). The resistivity of water or brine 

in the subsurface varies significantly depending upon the salt concentration (NaCl) it 

contains. For example, freshwater contains <1 g/L of salt and will have a resistivity of >5 

ohm·m at 25oC. On the other hand, a brine in equilibrium with halite will have a salt 

concentration of around 360 g/l and a resistivity of 0.5 ohm·m at 25oC (Schlumberger, 

1997). In addition, consolidated or sedimentary rocks are much more resistive in a rock-

fluid system than unconsolidated ones (Table 2-2). The more clay-rich minerals in the 

sedimentary rock, the less the rock resistivity (i.e. more conductive), which is why shale 

is less resistive than sandstoneðsumming up with the formation water salinity, the 

higher the concentration of salts like NaCl, the less resistive and more conductive the 

reservoir rock may be. Therefore, interstitial water and clay minerals contribute to the 

electrical properties of reservoir rocks. 

Several authors have studied the rockôs resistivity with natural or synthetic core plugs, 

agreeing that pore geometry (interconnectivity and pore-throat size), saturation 

distribution, clay/shale content, wettability, and temperature control the rockôs resistivity 

(e.g. Sweeny and Jennings, 1960, Swanson, 1985, Worthington et al., 1989, Abousrafa 

et al., 2009). 

 

Figure 2 -6. Basic log interpretation, identifying the sandstone reservoir rock in the gamma-ray 
log, the oil-bearing and water-bearing zone in the resistivity log, and the gas, oil, and brine 
zones with density-neutron cross-plot logs (Schlumberger, 2016). 
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Table 2-2. Typical ranges of sedimentary rock resistivity (Palacky, 1988). 

Sedimentary rock Range (Ohm·m) 

Argillite 74-840 

Conglomerate 2,000-13,000 

Dolomite 700-2,500 

Greywacke 400-1,200 

Limestone 350-6,000 

Sandstone 1,000-4,000 

Shale 20-2,000 

Slate 340-1,600 

Coal 1-200,000 

2.1.2.1 Formation resistivity factor  

The formation resistivity factor, F, is the ratio of the electrical resistivity of a rock (Ro) fully 

water-saturated and the electrical resistivity of the water (Rw), defined by Archie (1942) 

as: 

Equation 2ï3 

Ὂ
Ὑ

Ὑ
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 where F is the formation resistivity factor (unitless), Ro is the rock resistivity 

(ohm.m), Rw the water resistivity (ohm·m); ▫ the rock porosity (fraction), and m is the 

cementation exponent (unitless). 

It is important to note that Archie's experiments were conducted on clean sandstones 

from the Gulf Coast region (Figure 2-7), and, as he highlighted in his abstract: "It should 

be remembered that the equations given are not precise and represent only approximate 

relationships". Therefore, care must be taken when applying this equation on 

argillaceous sandstones, carbonates or shales, where the rock matrix contributes to the 

electrical current throughout the rock. Thus, a correlational factor, a, is added to 

counteract the data calibration on formation rocks with clay minerals or shale (Hossain 

and Zhou, 2015): 

Equation 2ï4 

Ὂ
ὥ
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 where F is the formation resistivity factor (unitless), a is the tortuosity or 

correctional factor (unitless), ▫ the rock porosity (fraction), and m is the cementation 

exponent (unitless). 

The formation factor and Archie exponents are called apparent or intrinsic to differentiate 

them from Archie's foundational definition, and in this case, the Archie model is 

denominated as Pseudo-Archie. 
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Figure 2-7. Relation of porosity and permeability to formation factor for consolidated sandstone 
cores of the Gulf Coast (Archie, 1942). 

The cementation exponent, m, is determined from a log-log plot of the formation factor 

vs porosity obtained from cores (Figure 2-8). F is derived from the electrical resistivities 

from the rock and formation water resistivity, measured in the laboratory at in-situ stress 

when the rock is fully brine-saturated. Several authors have reported different values of 

a ranging from 0.4 to 2, while m can vary from unity to as high as five for specific rock 

formations (Table 2-3). The common practice of calibrating a is somewhat controversial 

as it does not follow Archie's formation factor empirical correlation, meaning that the 

formation factor is not equal to 1 for 100% of porosity but instead to the a best-fit value. 

Worthington (1993) studied the deviation of a and m for clean and shaly sandstones, 

concluding that the inclusion and variation of the correlational a factor must be to 

compensate for the clay or shale effect in shaly formations. 

 

Figure 2-8. Formation factor as a function of porosity according to Archieôs first law. The negative 
gradient of each curve provides the cementation exponent with a=1 (Glover, 2015). 
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Table 2-3. Typical ranges of cementation exponent and the correlational factor from Worthington 
(1993). 

Lithology  m a References  

Sandstone 

1.64-2.23 0.47-1.8 Hill and Milburn (1956) 

1.3-2.15 0.62-1.65 Carothers (1968) 

0.57-1.95 1.0-4.0 Porter and Carothers (1970) 

1.2-2.21 0.48-4.31 Timur et al. (1972) 

0.02-5.67 0.004-17.7 Gomez-Rivero (1976) 

Carbonates 

1.64-2.10 0.73-2.3 Hill and Milburn (1956) 

1.78-2.38 0.45-1.25 Carothers (1968) 

0.39-2.63 0.33-78.0 Gomez-Rivero (1977) 

1.7-2.3 0.35-0.8 Schön (2004) 

2.1.2.2 Index resistivity and saturation exponent  

Archie's second law relates the ratio of the resistivity of the partially saturated rock (Rt) 

and the resistivity of the formation water (Rw) to its water saturation (Sw). In particular: 

Equation 2ï5 

Ὅ
Ὑ

Ὑ
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 where IR is the resistivity index (unitless), Rt is the true rock resistivity (ohm·m), 

RW is the formation water resistivity, SW is the water saturation (unitless), and n is the 

saturation exponent (unitless). 

The saturation exponent, n, is estimated from a log-log plot of IR vs Sw derived by 

conducting resistivity measurements on core plugs whose water saturation has been 

changed using various methods (e.g. porous plate, centrifuge, clean). For clean 

unconsolidated and consolidated sandstones, n is found to be around 2. However, it has 

been demonstrated that n depends on the degree of saturation since it relates to the 

amount of water in the rock voids, the rock formation type and wettability (Figure 2-9). It 

is strongly preferred for water-wet rocks with n=2±0.5, while for oil-wet rocks, n can reach 

values up to 5 (Montaron, 2008; Sweeney and Jennings, 1960).  
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Figure 2-9. Resistivity index as a function of water saturation for a rock saturated with water and 
oil. Solid lines indicate drainage. The dark blue line, representing Archieôs second law (n=2), 
is only valid for clean, water-wet, moderately well-connected rocks. Rocks with higher 
connectivity due to intergranular water films tend to follow the red curve, while low 
connectedness or oil-wet rocks follow the green and purple trends. It should be noted that 
imbibition can often produce a nonlinear curve (dashed) due to the development of oil-wet 
patches in the rock (Glover, 2015). 

 

2.1.2.3 Archieôs (1942) saturation water formula  

By combining Equation 2ï4 and Equation 2ï5, Archie's well-known equation is obtained 

for determining the water saturation of a clean sandstone reservoir rock: 

Equation 2ï6 
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Those rock formations that fulfil Archie's criteria are denominated Archie reservoirs, and 

Equation 2ï6 describes the electrical behaviour and water saturation tendency 

throughout the reservoir. On the other hand, formation rocks with a significant clay 

portion or oil-wet are denominated as non-Archie reservoirs (e.g. Worthington, 1985).   

2.1.3  Rock microstructure  

The term microstructure is used to describe the basic texture of the rock and includes 

grain shape, roundness, size, sorting, and fabric. Different measurement techniques are 

used to quantify these properties, such as optical microscopy and scanning microscopy 

(SEM). The microstructure of the rocks controls the petrophysical properties; however, 
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the relationship between them is difficult to find due to the rock complexity and the 

measurement technique selected (Pettijohn et al., 1973).  

Through the visual and statistical analyses, researchers have found evidence of the 

impact of grain size, sorting, and rock texture on the porosity-permeability relationship. 

For example, Ethier and King (1991) portrayed the surface texture factors found by 

Sneider et al. (1983) and Sneider and King (1984) in sandstones (Figure 2-10), taking 

into account clay, micropores, and consolidation presence. On the other hand, Cade et 

al. (1994) developed a relationship between grain size/sorting on porosity-permeability 

trends through numerical simulation of grains packing as spheres and comparisons with 

case studies in sandstone (Figure 2-11). 

  

Figure 2-10. Sandstone microstructure 
impacts the porosity-permeability 
trends (Ethier and King, 1991). 

Figure 2-11. Effect of grain size and sorting in 
the porosity-permeability trends (Cade 
et al., 1994). 

 

The rock fabric is controlled by sedimentation and diagenesis, significantly impacting 

petrophysical properties. For example, these processes control the quality and 

distribution of clay. Clay may be distributed as laminated, structural or dispersed (Figure 

2-12). Laminated shale or clay is distributed as interbed with sandstone. Structural shale, 

or detrital clay, means they are within the rock framework as grains. Dispersed clay refers 

to clay particles disseminated in the pore walls, choking pore-throat networks and thus 

decreasing effective porosity and permeability (Thomas and Stieber, 1975; Asquith, 

1990). 

Wilson and Pittman (1977) and Wilson (1982) studied how dispersed authigenic clays 

impacted porosity and permeability relationships (Figures 2-13 and 2-14). Neasham 

(1977) also considered how the type of clay mineral impacted flow properties (Figure 

2-15). Pore-lining, pore-filling, and pore-bridging are the most frequently used to describe 

clay minerals occurrence. Pore-lining refers to clay coatings growing at the grain surface 
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outwards, blocking pore-throats; pore-filling (discrete particles) refers to clays filling the 

pores partially; pore-bridging refers to clay that extends further into the pore-throats, 

creating a bridge which encloses pore space (microporosity). 

 

 
A. Clean Sand 

 
B. Laminar Shale (Detrital Clay)  

 
C. Structural clay (Detrital clay) 

            
D. Dispersed clay (authigenic clay) 

Figure 2 -12. Mode of shale and clay occurrences in sandstones (Asquith, 1990). 

 
 

 

 

Figure 2 -13. Modes of occurrence of authigenic 
clay in sandstone (Wilson and Pittman, 
1977). 

Figure 2 -14. Porosity-permeability trends of 
clay-free and clay-bearing sandstones 
(Wilson, 1982). 
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Figure 2 -15. General dispersed clay types within sandstone reservoirs (Neasham, 1977). 

2.2  Clay mineral s1 

In terms of grain sizing, the clay fraction of rock consists of very fine particles of less than 

2 ɛm (Wentworth, 1922). These fine particles comprise diverse minerals where the clay 

minerals predominate. The clay minerals are grouped into families related to their 

chemical composition and crystal structure. They consist of two main sheets: a 

tetrahedral sheet of silica (SiO2) and an octahedral alumina sheet (Al2O3), also known as 

a gibbsite. The principal clay mineral groups are kaolinite, illite, mica, chlorite, and 

smectite (Figure 2 -16). The following subsections describe clay electrical properties and 

phenomena in subsoil rock formations and their relevance to this investigation. 

 
1 Clay minerals or clay is used interchangeably throughout this dissertation and refers to the 

clay minerals portion present within a rock. 
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Figure 2 -16. Silica and alumina sheets structure units (above) and main clay mineral groups 
structure, distances not scaled (modified from Elementary Engineering Library, 2020). 

2.2.1  Cation -exchange capacity  

Clays have the property to interexchange cation species as surface adsorption to 

neutralise its negative layer charge, i.e. cation-exchange capacity. An ion-exchange 

reaction occurs through selectivity in the cation size, charge or valence between the clay 

pore wall and the cations flowing inside the rock pores. Thus, the selectivity order for 

alkali-metal ions is Li+, Na+, K+, Rb+, and Cs+, while for alkaline-earth ions is Mg2+, Ca2+, 

Sr2+, and Ba2+ (in order of decreasing electronegativity). This ion exchange, known as an 

isomorphous substitution in the clay lattice, occurs by selecting a substituting a cation 

with a lower charge of the free mobile water with a clay lattice-bound cation, which 

increases the rock's net negative charge (Figure 2 -17). 

 

Figure 2 -17. Pore and clay ion mobility in a shaly sand (McPhee et al., 2015). 
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The cation-exchange capacity or CEC, defined by Allaby (2019), is: "é the amount of 

exchangeable cations that a particular material or soil can absorb at a given pH". In rock-

fluid interaction, CEC measures the concentration of cations available relative to mass, 

expressed in milli-equivalents of exchangeable ions per 100 g of dry rock (meq/100 g). 

Table 2-4 displays the CEC range values for the principal clays group, directly 

proportional to the surface area.  

Table 2-4. Cation exchange capacity range and total surface area for clay minerals (Van Olphen 
and Fripiat, 1979; McPhee et al., 2015). 

Clay mineral group  CEC (MEQ/100 g) Surface area (m 2/g)  1 

Smectite 70-130 800 

Illite 25-40 30 

Chlorite 10-40 15 

Kaolinite 3-15 15 
1 Summation of internal (interlayer) and external surface area. 

The diffuse double layer (DDL) theory explains this electrochemical mechanism (Figure 

2-18). Two layers form: an inner layer at the clay surface known as the Stern layer, i.e. 

adsorbed water, and an outer layer with the charged cations distributed as a cloudï

diffuse layer (Van Olphen, 1977). The Waxman and Smits (1968) model is based on the 

DDL, and it adds the CEC parameter volumetrically (Qv in meq/ml) to include the clay 

effect of the rock. The ZG formation (Section 1.3) contains an average of 43%v/v of 

clays where glauconite is the primary mineral, meaning the clay component impacts 

when estimating the petrophysical properties. ENAP uses the modified Simandoux 

model (Bardon and Pied, 1969) to build the water saturation profile; this model is widely 

used for shaly sandstones since it adds a term to counteract the clay or shale content. 

Furthermore, there are no precise cation-exchange capacity measurements of the ZG 

formation to apply the Waxman-Smits (1968) or other shaly-sand models accurately. 

This investigation aims to measure the CEC with different methods to evaluate this 

parameter inclusion to best fit the reservoir water saturation profile. 
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Figure 2 -18. Electrical double layer. (a) TOT structure of clay minerals, where T=tetrahedral layer 
and O=octahedral layer. (b) The surface of 2:1 clay minerals in contact with water is 
charged because of amphoteric sites on the edges of the clay crystal and basal negative 
sites associated with isomorphic substitutions in the crystalline framework. (c) the mineral 
charge is compensated by cations (M+) and anions (A-), forming a double layer. This double 
layer comprises a sorbed cations (Stern) layer and a diffuse layer where the Coulombic 
interactions between the charged mineral surface and the ions prevail. The subscript f 
denotes the fraction of the counter charge located in the Stern layer (Revil and Mahardika, 
2013). 

 

2.2.2  Clay swelling  and migration   

Two clay phenomena may occur within reservoir formations: migration and swelling 

(Figure 2 -19). Fines migration results from dragging forces that release clay particles from 

the pore wall to the pore space, plugging the pore throats, while the swelling results from 

the water adsorption capacity that distinct clay particles have, increasing their size and 

blocking pore throats. Both phenomena are a problem for the oil and gas industry. They 

are highly costly if not handled with chemical inhibitors to prevent damaging drilling 

operations (e.g. de Carvalho et al., 2015). 

The drag forces to release the clay particles from the pore wall combine fluid viscosity, 

flow velocity and regime (turbulence). Together with the rock environmental conditions 

(mineralogy, water salinity and pH), clay migration can happen. Kaolinite is the easiest 

to migrate due to its booklet shape, followed by illite, mica, and non-clay fines (Gray and 

Rex, 1966). Flow rate, wettability, cation-exchange capacity, pH increase, and acidising 
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treatments promote clay migration (Xiao et al., 2017). Furthermore, water sensitivity is 

the leading cause of fines migration. As salinity decreases to a very low concentration, 

the cation exchange site increases its negative charge since it will prefer monovalent 

cations (Na+) instead of divalent ones such as Ca+2, and the silicate surfaces become 

strongly negative. Hence, the repulsive electrostatic forces increase, providing enough 

electrochemical energy to release particles (Jones, 1964; Gray and Rex, 1966; Lever 

and Dawe, 1987). Khilar and Fogler (1983) defined a critical salt concentration (CSC) in 

which clay fines migrate and cause permeability impairment; a water shock test is 

conducted from core flooding a high to very low salinity to determine whether a rock 

formation is water sensitive. 

Clay swelling has been long studied for permeability impairment and water sensitivity on 

formations by core flooding brine such as NaCl or KCl (e.g. Baptist and Sweeny, 1954; 

Jones, 1964; Bush and Jenkins, 1970; Khilar and Fogler, 1983; Lever and Dawe, 1987). 

The swelling is directly related to the water salinity, cation-exchange capacity, and clay 

type, resulting in poorer effective permeability and porosity. Clays may present two 

swelling types according to their structure and environmental conditions: intercrystalline 

and osmotic (Bush and Jenkins, 1970; Madsen and Muller-Vonmoos, 1989). The 

intercrystalline swelling occurs in the clay interlayer, so its crystal lattice expands; this is 

a mechanism commonly seen in the montmorillonite mineral from the smectite group 

since it has the affinity for interchange water molecules and cations (i.e. hydrophilic 

clays). It has been found to increase more than twice its dry size. In osmotic swelling, as 

the name implies, water adsorption occurs between clay platelet surfaces with a 

significant ionic concentration gradient. Montmorillonite has the strongest swelling 

capacity in clay, followed by mixed-clay illite/smectite or mica/smectite, then chlorite and 

illite. In contrast, kaolinite has a lesser swelling capacity since it does not have an 

interlayer (Tao et al., 2019).  

Clay migration and swelling identification are keys for formation damage prevention in 

clayey reservoir formations. While clay swelling involves water adsorption and internal 

expandability, clay migration is about fine particle detachment and suspension. Both 

phenomena will emerge with a combination of clay mineral type, cationic species flowing 

in the pore space and salinity concentration, i.e. the ion exchange equilibrium in the 

diffuse double-layer (DDL). The clay-water boundary, in the DDL, has a negative charge 

in the clay surface holding weak bonds of hydrated cations (ion-dipole bonds), and it will 

exchange those cations with the same valence or those with different valence but a close 

hydrated radius flowing near the clay surface. As shown in Equation 2ï7, a reverse 

equilibrium reaction forms where the clay sorbs cations interchangeably. The binding 

strength increases inversely to the hydrated ionic radius of the cationic species (Table 
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2-5). Lithium has the strongest bond with clay particles for the monovalent alkali cations, 

while magnesium has the strongest bond for the divalent cations alkaline earth group. 

Furthermore, in terms of the cation-exchange capacity values of the clay mineral groups 

(Table 2-4), kaolinite has the lowest capacity magnitude due to its 1:1 (tetrahedral-

octahedral) configuration not leaving enough interlayer space for isomorphic substitution 

for Si4+ or Al3+ species. In contrast, the remaining clay groups have a 2:1 (tetrahedral-

octahedral-tetrahedral) configuration and moderate to high CEC magnitude. The 

chlorites interchange cations in their hydroxide interlayer sheet, and micas and illites 

interchange their K+ cations with Ca2+ in their interlayer and Fe2+/Fe3+cations in their 

octahedral sheets. Finally, smectites substitute Mg2+ for Al3+ in the octahedral sheets 

(Barton and Karathanasis, 2002). 

 

Figure 2 -19. Clay mechanisms in sedimentary rocks with fresh water: (a) migration, (b) swelling 
(adapted from Khilar and Fogler, 1983; Daneshfar and Moghadasi, 2017; Xiao et al., 2017). 

Equation 2ï7 

ὃ ὅὰὥώὄ ᴾὄ ὅὰὥώὃȠ 
ὃ ὅὰὥώ

ὄ ὅὰὥώ
ὑ

ὃ

ὄ
 

 where A and B represent different atomic metals, A+ and B+ represent different 

cationic metals, Clay represents the clay mineral, and KAB is the exchangeable constant 

written as a function of the species concentrations. 
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Table 2-5. The ionic and hydrated radius of species involved in cation-exchange capacity 
(Haynes, 2016). 

Ion  Ionic radius ( Å) Hydrated radius ( Å) 

Li+ 0.59 3.82 

Na+ 0.95 3.58 

K+ 1.37 3.31 

Mg2+ 0.57 4.28 

Ca2+ 1.00 4.12 

Ba2+ 1.35 4.04 

Fe2+ 0.63 4.28 

Fe3+ 0.49 4.57 

Al3+ 0.39  

Si4+ 0.26  

2.3  Greensand formation  

The name greensand stems from the colour of the sandstone, which is generally 

attributed to the presence of glauconite but also could include other clay minerals such 

as chlorite and illite/smectite (Hossain, 2011a). Greensand reservoirs have been 

discovered worldwide to produce hydrocarbons; their permeability ranges from moderate 

to ultra-low but with moderate porosity (Table 2-6). Likewise, greensand deposits are 

exploited to produce potash minerals for fertilisers, where glauconite content enhances 

crop growth (Tedrow, 2002). Also, greensands are used to soften water treatments as 

an adsorbent filter media to remove iron and manganese ions (Abd El-Rahman, 2006). 
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Table 2-6. Porosity and permeability reported data from some worldwide greensands reservoirs. 

Reference  
Reservoir 

type  
Reservoir name  Location  

Geological 
period or epoch  

Porosity* 
(%v/v)  

Permeability* 
(mD) 

Glauconite 
content*(%v/v)  

Patchett et al. (1993) Tight oil 
Matulla Formation 
from Nezzazat 
Group 

Lower Senonian, 
Gulf of Suez, 
Egypt 

Upper Cretaceous 3.5 to 25 <1 to 90 20 to 45 

Broger and Syhlonyk 
(1995) 

Tight oil & gas 
Glauconite 
member from 
Mannville Group 

Lake Newell, 
Southern Alberta, 
Canada 

Lower Cretaceous 9 to 33 10 to 10,200 Not available 

Taber et al. (1995) Tight oil 
Albian óAô Sand 
Formation from 
Greensand Group 

North Celtic Sea 
Basin 

Lower Cretaceous Ò 30 Ò 50 Ò 45 

Garamendi and Atau 
(1999) 

Tight oil 
Pona reservoir, 
Chonta Formation 

Peruvian forest 
region 

Cretaceous 1 to 20 1 to 1,000 Not available 

Diaz et al. (2003) Tight oil 
Caballos 
Formation 

Putumayo Basin, 
Colombia 

Lower Cretaceous 2 to 19 0.01 to 1,200 10 to 60 

Hatcher et al. (1996); 
Zhang et al. (1996, 
2000) 

Tight oil 
Mardie Greensand 
Formation 

Carnarvon Basin, 
Australia 

Early Cretaceous 15 to 28 0 to 100 Not available 

Hossain (2011a) Tight oil 
Hermod and Ty 
Formations 

Siri Canyon, 
Danish North Sea 

Palaeocene 25 to 40 60 to 1,000 20 to 30 

Aimar et al. (2018); Jait 
et al. (2018) 

Tight gas 
Magallanes 
Formation 

Campo Indio field, 
Austral Basin, 
Argentina 

Upper Cretaceous 15 to 35 0.01 to 1 
Not able to 
determine** 

Yang et al. (2019) Tight oil 
Upper T of Napo 
Formation 

Oriente Basin, 
Ecuador 

Cretaceous 5 to 20 Ò 500 10 to 40 

* Reported either from core analysis or reservoir evaluation. 
** XRD analysis could not identify glauconite since it overlapped with illite presence.
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Glauconite is the predominant clay mineral with a high potassium and iron content. It 

belongs to the mica group and may contain smectite that forms silicate interlayers 

referred to as glauconite/smectites (or G/S) or mixed layers with illite (Thompson and 

Hower, 1975). It frequently develops in open-marine and oxidising environments (Van 

Houten and Purucker, 1984; Newman and Brown, 1987; Odin and Fullager, 1988). Table 

2-7 shows the main properties of glauconite mineral, where the density and photoelectric 

factor are higher than typical quartz or sandstone (e.g. 2.65 g/cc and 1.8 barns/electron). 

Patchett et al. (1993) reported that greensand density ranges from 2.40 to 2.95 g/cc, 

depending on the presence of glauconite. The higher the glauconite presence, the higher 

the bulk rock density.    

Table 2-7. Glauconite mineral properties (Webmineral, 2019; Hugget, 2021). 

Property  Description or value  

Formula 
K(x+y)(Si4-x,Alx)~4(Fe3+,Al,Mg,Fe+2)~2O10(OH)2 

where x is 0.2-0.6 and y is 0.4-0.6. 

Molecular weight 426.93 

Lustre Dull, Earthy 

Hardness 2 (Mohs scale) 

Density 2.4 ï 2.95 g/cm3 (Measured) 

Member of Mica group (dioctahedral interlayer-deficient micas) 

Colour Blue-green, yellow-green, green, rarely colourless 

Recorded ages 
Mesoproterozoic to Carboniferous: 1175 Ma to 354 Ma ï 
based on 18 recorded ages 

Photoelectric factor PEF = 7.42 barns/electron 

Radioactivity GR = 78.31 API 

The glauconite formation process is called glauconitization, described by Odin and 

Letolle (1980) from the morphological and mineralogical perspective (Figure 2 -20) into 

four stages: 

1. Nascent: after deposition at the sea floor or other marine environment, the grain 

forms in a semi-confined microenvironment where pores networks start creating 

together with accommodation of detrital clay minerals, dissolution of carbonate 

and formation of Fe3+ smectite. 

2. Slightly evolved: the grain starts maturing by re-accommodating the ions of the 

seafloor, i.e. formation water, feeding the crystals of glauconitic smectites (G/S); 

the detrital minerals disappear, and Fe and K ions start to increase their presence 

and Fe oxides to Fe2+ and Fe3+. 

3. Evolved: the grain evolves by rearranging the mineral composition and 

recrystallising into more closed minerals resulting in superficial cracks with faster 

crystal growth in the grainôs centre. 
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4. Highly evolved: the grain grows a new glauconitic minerals generation in its 

periphery, wrapping around the glaucony pellet, and new recrystallisation creates 

glauconitic micas. 

 

Figure 2 -20. Morphological transformation from nascent to highly evolved glauconite (from 
Hugget al., 2021; modified from Odin and Letolle, 1980). 

Glauconite grains vary in shape, such as a sphere, ovoid, tabular, vermiform or lobate, 

and may occur in microfossils (Wilson et al., 2014); they tend to be part of the rock 

framework rather than pore-filling, reducing the pore throats volume and connectivity. 

Silica cement is typically found in glauconitic sandstones that strengthen the pore 

network and reduce the overall porosity to some extent; carbonate, calcite or berithierine 

cement can also show up in some intervals, blocking intergranular pore throats. Some 

authors describe the glauconitic grains with angular and subangular shapes (i.e. 

irregular) with a high roughness degree on the surface. The sorting may range from 

locally poor to moderate, and the packing can be moderately poor to a tight arrangement 

(e.g. Hossain et al., 2009; Atahualpa, 2013; Guanochanga, 2013; Yang et al., 2019). 

Greensands have a dual porosity system: macro- or inter-granular porosity and 

microporosity ï pore size less than 0.5 ɛm (Pittman, 1979). For example, Figure 2 -21 

shows the macropores (right side) and micropores (left side) of two greensands BSE 

images where it is worth noting that the scale used to show the microporosity is 1 ɛm. 

Hossain et al. (2009) and Diaz et al. (2003) agree that compacted glauconite grains 

create microporous networks under high or moderate overburden pressure; since 

glauconite is ductile, the microporosity results from permanent or non-elastic 

deformation. 
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Figure 2 -21. (a) BSE image of the North Sea greensand, scale bar for greensand is 100 ɛm, and 
the image represents macroporosity, quartz, and glauconite grains. (b) BSE glauconite 
grain image from Arnager greensand, scale bar for glauconite grain is 1 ɛm. Micropores 
reside within glauconite grain (Hossain et al., 2009). 

Chlorite may also be present within greensand formations as an authigenic (Dodge et 

al., 1995; Rueslatten et al., 1998; Durand et al., 2000; Bansal et al., 2020). Due to the 

high presence of iron and magnesium, chlorite clay types such as clinochlore 

(magnesium-rich) or chamosite (iron-rich) can develop as a mixed layer in the glauconitic 

micas or glauconitic smectites, contributing to an increase in the rock heterogeneity 

(Durand et al., 2000). The chlorite within greensands has been found as grain coating, 

pore-lining in the form of plates or honeycombs or pore filling in rosette or cabbage head 

shapes (e.g. Rueslatten et al., 1998; Dodge et al., 1996). The latter two increase 

micropore networks and enhance bi- and even tri-modal pore size distribution (Figure  

2-22). Table 2-8 displays the chlorite group properties, which vary depending on the ionic 

substitution in its 2:1 layer. Compared to glauconite, theoretically, chlorite does not 

contain potassium, uranium, or thorium and thus is not radioactive as a pure component 

(Worden et al., 2020).  

 
Figure 2 -22. Diagram of greensand major grains and clay distribution types as grain coating and 

filling pore throats, glauconite contains microporosity. 
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Table 2-8. Chlorite mineral properties (Webmineral, 2019; Alderton, 2021; Geology.com, 2023). 

Property  Description or value  

Formula 
(X,Y)4-6(Si, Al)4O10(OH,O)8 

X and Y represent ions that include: Fe+2, Fe+3, Mg+2, Mn+2, 
Ni+2, Zn+2, Al+3, Li+1, or Ti+4. 

Molecular weight 595.22, 664.18, 300.61, 546.77 

Lustre Vitreous, pearly, dull 

Hardness 2 ï 2½ (Mohs scale) 

Density 2.6 ï 3.3 g/cm3 (Measured) 

Common species Clinochlore,  chamosite, odinite, sudoite 

Colour Various shades of green 

Recorded ages 
Paleoproterozoic to Neogene: 2211 Ma to 15.7 ± 0.2 Ma ï 
based on 7 recorded ages 

2.3.1  Mineralogical  analysis  

The glauconitic grainsô microstructure is complex, and it presents difficulties in identifying 

them correctly since they can be easily confused with other minerals. For instance, there 

are other greenish clays, such as odinite, clinochlore, or chamosite (all from the chlorite 

group), and berthierine (from the kaolinite group), all have in common with glauconite, 

which develops in a slow sedimentary deposition rate (Hugget, 2021).  

Burst (1958) identified four types of glauconites based on their XRD spectrum (Table 

2-9), and he compared the structural and chemical relation of clay mineral groups with 

their potassium content (Figure 2 -23); he shows that glauconite can be confused for 

muscovite, illite and mixed layer clays when using XRD techniques because all have a 

10 Å lattice spacing. Several authors agreed with Burstôs work and pointed out that the 

pure glauconite lattice peaks at ~10Å spacing while mixed-layer glauconitic grains may 

range from 10Å to 14Å due to smectite (montmorillonite) expandable interlayer (Hower, 

1961; Cimbalnikova, 1971a, 1971b; Abudelgawad et al., 1975; El-Amamy et al., 1982; 

López-Quirós et al., 2020). 

Table 2-9. Glauconite types classification of XRD spectrum (Burst, 1958). 

Type Description  

1 Well-ordered, non-swelling, high-potassium, mica-type lattice. It corresponds 
to the glauconite mineral. 

2 Disordered, non-swelling, low-potassium, mica-type lattice of 10 Å. 

3 Extremely disordered, expandable, low-potassium, montmorillonite-type 
lattice. 

4 Mixtures of two or more clay minerals as normal pellet constituents of 
unrelated structures, i.e. kaolinite and illite or chlorite and glauconite. 
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Figure 2 -23. Variations in potassium atoms as functions of structural regularity (Burst, 1958). 

2.3.2  Porosity estimation  

Greensands have a bimodal pore-size distribution (Figure 2 -24) where the meso- or 

macropores range associates with the effective porosity, and the micro- or nanopores 

range associates with the enclosed pores storing bound water, i.e. irreducible water 

(Slot-Petersen et al., 1998; Markley et al., 2010). 

 
 

(a) (b) 

Figure 2 -24. NMR T2 curve distribution on greensands samples (a) Nini field, North Sea (Hossain, 
2011a), and (b) Late Paleocene/Early Eocene sandstone, North Sea (Rueslatten et al., 
1998). A peak close to 1 ms represents microporosity, and a peak close to 100 ms 
represents macroporosity.  

Dodge et al. (1996), Rueslatten et al. (1998), Slot-Petersen et al. (1998), and Hossain et 

al. (2011a) measured the NMR T2 distribution of greensand samples and identified three 

critical features:  



- - 40 - - 

1) The iron minerals have paramagnetic properties2 which increase surface 

relaxivity and reduce T2 decay times (LaTorraca et al., 1995; Saidian and Prasad, 

2015). Dodge et al. (1996) reported a 3.9 µm/sec surface relaxivity for a 

glauconitic sandstone (14% iron content). The authors agree to lower the T2 cut-

off for oilfields, such as values between 30 to 10 ms (Table 2-10), to separate the 

irreducible water from the mobile bulk fluids.  

Table 2-10. T2 cut-off guidelines for oilfield greensand formations according to the iron 
content (Dodge et al., 1996). 

Fe (wt%) T2 cut-off (ms) 

0 ï 4 30 

4 ï 6 20 

> 6 10 

2) Core NMR porosity tends to underestimate total porosity due to the iron 

paramagnetic effect. However, the authors agree that this method is preferable 

for measuring effective porosity rather than helium porosity. Rueslatten et al. 

(1998) recommend re-calibrating the NMR logging tool to an inter-echo spacing 

of 0.3 ms for a better effective porosity log. 

3) Rueslatten et al. (1998) and Slot-Petersen et al. (1998) concluded that chlorite is 

directly related to the core NMR porosity underestimation rather than glauconite. 

Hossain and Zhou (2015) found a linear correlation factor of 0.7 between core 

helium porosity and pore-filling berthierine (chlorite) within sixteen North Sea 

greensand samples (Figure 2 -26 a). 

In addition, Hossain et al. (2011a) point out that the core helium porosity measures the 

total porosity since this inert gas molecular size is small enough to sweep the micropores 

network and the clay-bound water. In contrast, the Archimedes method with fully brine-

saturated core plugs measures the effective porosity since the water molecule size is 

higher than helium. Their core NMR porosity was similar to the brine porosity and 

significantly lower than the core helium porosity. 

2.3.3  Permeability  estimation  

Compared to clay-free sandstones, the permeability-porosity cross-plot of greensands is 

scattered and shifted to the right (Figure 2 -25). The considerable amount and distribution 

 

2 A paramagnetic substance is attracted and aligned to an external magnetic field, and 
its atoms or molecules present unpaired electrons, such as aluminium or iron (A 
Dictionary of Chemistry, 2020). In the reservoir rocks, paramagnetic components 
are considered impurities that affect NMR hydrogen protons relaxation 
measurements. Examples are iron components such as pyrite, siderite, illite or 
chlorite (Saidian and Prasad, 2015). 



- - 41 - - 

of clay minerals in the rock framework result in poorer effective permeability and porosity, 

higher microporosity content, lower pore-throats interconnectivity, and decreased flow 

capacity. Clay minerals have a moderate to high specific surface area ï SSA ï (Table 

2-4), which explains the low permeability and high irreducible water saturation. Hossain 

et al. (2011a) reported a range of SSA from 17 to 23 m2/g through nitrogen adsorption 

(SSA of quartz is ~2.5 m2/g) and found an inverse relationship with the macroporosity 

and permeability. Hossain and Zhou (2015) show a relationship between the porosity 

and permeability with the SSA discriminated by the greensandôs pore-filling clay 

distribution (Figure 2 -26).    

 

Figure 2 -25. Total porosity and air permeability cross-plot showing the different trends of clay-
free sandstones and greensands. 

 

Figure 2 -26. Relationship between pore-filling berthierine (chlorite) content of North Sea 
greensands samples with (a) helium porosity and (b) core permeability (Hossain and Zhou, 
2015). 

Several researchers have created innovative methodologies to determine greensand 

permeability assertively by calibrating the core data with well logs (Table 2-11). The 

discrimination of iron content, matrix density, and NMR parameters is important to define 

an optimised permeability prediction. Table 2-12 displays the permeability equations in 

the literature used for greensands. Kozenyôs, Timur-Coates, and SDR equations are the 

most frequently used either in their classic style or modified.  
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Table 2-11. Permeability estimation methods found in the literature review used on greensands reservoirs. 

Reference Method Comments 

Dodge et al. 
(1996) 

Log NMR permeability with Schlumberger 
(SRD) and Timur-Coates (TC) equations. 

ǐ Iron content underestimates NMR-derived permeability for the TC equation; care must be 
taken to define the T2 cut-off value. 
ǐ The fitted factors of the formulas used were enough for good calibration. 
ǐ Suggested T2 cut-off values according to the iron content in greensand formations. 

Zhang et al. 
(1996) 

Electrofacies pattern linked to permeability 
transforms algorithm using core porosity 
and permeability as database. 

ǐ Log synthetic permeabilities used as input were litho-density, neutron, sonic and gamma-
ray spectrometry logs. 
ǐ Grouping the electrofacies (lithological units) is extremely important. 

Rueslatten et al. 
(1998) 

NMR permeability with the Timur-Coates 
equation. 

ǐ T2 cut-off values below 10 ms for chloritic greensands and 33 ms when chlorite and 
glauconite are present (oil production). 

Slot-Petersen et 
al. (1998) 

Log NMR permeability with the Timur-
Coates (TC) equation. 

ǐ Chlorite presence influences the irreducible bulk volume when using the TC equation. 
ǐ Density-derived porosity log replaced the FFI/BVI term in the TC formula, increasing 

permeability estimation. 
Zhang et al. 
(2000) 

Artificial neural network technique to 
estimate permeability using four 
parameters as decision criterion of well 
wireline logs. 

ǐ 147 log response sets were trained with core permeability from eight wells. 
ǐ The synthetic permeability log shown as an example gave good consistency results. 

Klein et al. 
(2006) 

Density Constrained Stochastic Modelling 
(DCSM). 

ǐ Method based on a random selection of core bulk density values and matched it with an 
apparent matrix density log. 
ǐ The average density tolerance between the two parameters is less or equal to 0.05 g/cm3.  

Hossain et al. 
(2011a) 

Modified Kozenyôs equation to include the 
whole macroporosity range of T2 times. 

ǐ Kozenyôs factor C=8.3 was estimated from the Mortensen et al. (1998) porosity model.  
ǐ Surface relaxivity derived from specific surface area from Kozenyôs BET and image 

analyses. 
ǐ The BET-specific surface area takes into account the microporosity range. While the image 
and Kozenyôs specific surface area are associated with the macroporosity range. 

Hossain and 
Cohen (2012) 

Empirical correlation of permeability with 
the electrical formation factor ï 
Worthingtonôs (1997) modified Kozenyôs 
equation.  

ǐ The formation factor was estimated using the equation F=a/ m˒, with a=1.67 and m=1.9. 

ǐ A linear relationship between permeability and formation factor was found by varying the 
specific surface area. 
ǐ The diagenesis of the greensands needs to be known to replicate this method. 

Hossain and 
Zhou (2015) 

Modified Kozenyôs equation by including 
two factors, a and b, dependent on the rock 
type instead of the specific surface area or 
surface relaxivity and as a function of 
porosity. 

ǐ Factors a and b are constants derived from a linear relationship between the specific 
surface area and porosity. 
ǐ For clean sandstone, a=-1.0 and b=2.2; for clay-bearing sandstone, a=-2.5 and b=-2.3. 
ǐ For greensand with pore-filling cementation, a=-5.5 and b=3.0. 
ǐ A linear relationship between Kozenyôs constant c and porosity is proposed. 
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Table 2-12. Permeability equations applied for greensands reservoirs. 

Name Reference Equation 

Timur and Coates (TC) Timur (1968) 
Ὧ ‰ ὊὊὍὄὠὍϳ  

Schlumberger-Doll-Research (SRD) Kenyon (1997) 
Ὧ τȢυ‰ ὝȢ  

Kozeny Kozeny (1927) 
Ὧ ὧ  

Modified Kozenyôs to include macroporosity range Hossain et al. (2011a) 
Ὧ ὧ‰” ὪὝ  

Worthingtonôs (1997) modified Kozenyôs equation. Hossain and Cohen (2012) 
Ὧ

Ⱦ

 

Modified Kozenyôs as a function of rock type Hossain and Zhou (2015) 
Ὧ ὧ  

Nomenclature:  k = permeability (mD), ▫NMR= NMR porosity (v/v), FFI= NMR log free fluid index (v/v), BVI= NMR bulk volume irreducible fluid (v/v), T2,g= 

geometric mean of T2 distribution time (ms), c =   Kozenyôs constant, S= specific surface area of bulk (1/ɛm), ɟ2 = surface relaxivity (ɛm/ms), fi= fraction of the 

total amplitude of each T2i, F = electrical formation factor (F=a/▫m), B, C, a and b are fitting constants.
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2.3.4  Irreducible water saturation estimation  

Since greensands have a complex microstructure due to claysô presence, it is expected 

that the irreducible water saturation (Swirr) and the capillary pressure curves to be high 

(Figure 2 -27). Indeed, the glauconitic grains are water-wet (Thomas et al., 2003), 

favouring storing water in the micropores range and leaving hydrocarbon in the 

macropores range (Figure 2 -28). Table 2-13 shows the reported irreducible water 

saturation for greensands with values up to 78%v/v in the literature. The standard 

technique used is the NMR T2 distribution, and the T2 cut-off values are below the typical 

value of 33 ms used for clean sandstones (Coates et al., 1999). 

As previously stated in Section 2.3.2, the iron content in greensands affects the NMR 

T2 readings and hence the estimated irreducible water saturation; that is why the authors 

in Table 2-13 use lower T2 cut-off values. Dodge et al. (1996) suggest that the T2 cut-off 

value needs to be lower than 10 ms to quantify Swirr (Slot-Peterson, 1998). Typical T2 

cut-off values of 33 ms for free mobile fluid and 3 ms for the clay-bound water for 

greensands reservoirs are incorrect. The T2 decays faster due to the iron paramagnetic 

properties and narrower pore size distribution; thus, the T2 cut-off value must be lowered 

(e.g. Simpson et al., 2018). Hossain et al. (2011a) went further down, and using the 

capillary pressure curves, they defined a cut-off value of 100 psig to separate the 

microporosity from the meso-and macroporosity zone equivalent to a T2 cut-off value of 

5.21 ms (Figure 2 -29).  

 

 
Figure 2 -27. Capillary pressure and water saturation cross-plot comparing clay-free sandstones 

and greensands trend. 
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Figure 2 -28. NMR T2 distribution diagram comparing clay-free sandstones and greensands 

distribution. 

Table 2-13. Irreducible water saturation values found in worldwide greensands with the technique 
used to define them. 

Reference  Swirr  (%v/v)  
T2 cut -off 

value (ms)  
Technique used  

Dodge et al. (1996) 12 ï 78 10 to 30 Centrifuge air/brine drainage 
capillary pressure and NMR T2 
distribution. 

Rueslatten et al. (1998) 27 ï 55 33 Decane-brine saturation, Karl 
Fischer titration, and NMR T2 
distribution 

Slot-Peterson et al. 
(1998) 

27 ï 41 33 and 10 for 
chlorite zones 

Karl Fischer titration and NMR T2 
distribution 

Hossain et al. (2011a) 22 ï 41 5.2 and 3.7 Centrifuge air/brine drainage 
capillary pressure and NMR T2 
distribution. 

 

Figure 2 -29. Macroporosity and microporosity determination of a North Sea greensand sample 
(a) from NMR T2 distribution and (b) from the capillary pressure curve. The dashed vertical 
line shows a cut-off of 5.21 ms. The capillary pressure of 100 Psig corresponds to a 
microporosity of 9.1% (Hossain et al., 2011a). 

 

Finally, the gas-water permeability curve of greensands is expected to shift to the right 

(Figure 2 -30) due to the high Swirr reported values and its microporosity portion. The water 

relative permeability curve will start at a moderate to high Swirr and effectively flow from 

2% of krw onwards (Cluff and Byrnes, 2010). In comparison, the gas relative permeability 
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curve will start at 100% krg to a small value of residual gas saturation (1-Srg), where the 

remaining hydrocarbon gets trapped. 

 
Figure 2 -30. Gas-water relative permeability and water saturation cross-plot comparing the trend 

of clay-free sandstones (continuous line) and greensands (dashed line). Krg is gas relative 
permeability, Krw is water relative permeability, Swirr is irreducible water saturation, and Srg 
is residual gas saturation. 

 

2.3.5  Greensand geomechanics  

Only a few studies have been published on the greensands geomechanics and its 

relationship with reservoir quality. Table 2-14 shows some geomechanical properties of 

two greensands reservoirs in Canada and Ecuador, respectively. The only 

geomechanical reported data from the ZG formation (case study) is the static Youngôs 

Modulus of 32.1 GPa (Britt et al., 2016) that can be compared with the literature. 

Following reported typical ranges for Youngôs modulus as a function of lithology (Ahmed, 

2019), greensands formation is classified as medium to hard sandstone (~34.5 to 69 

GPa).   

Table 2-14. Greensand reservoirs' elastic properties are found in the literature. 

Location  Parameters  Reference  

Glauconite formation of the 
Willesden Green Field, 
Western Canada 
Sedimentary Basin. 
 
 

Poissonôs ratio = 0.229 (dynamic) and 0.225 
(static). 
Youngôs modulus = 44.8 GPa (dynamic) and 
36.2 GPaig (static). 
Shear modulus = 18.2 GPa 
Overburden stress = 47.684 MPa 
Pore pressure = 13.753 MPa 

Urban and 
Aguilera (2015) 

Upper T formation in 
Tarapoa Block, Oriente 
Basin, Ecuador 
 
 

Bulk modulus = 20.2 GPa 
Shear modulus = 18.5 GPa 
Youngôs modulus = 29.5 GPa (dynamic) 
Poissonôs ratio = 0.25 (dynamic) 
Uniaxial compressive strength = 149.4 GPa 

Yang et al. 
(2019) 
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Diaz et al. (2001; 2003) analysed the effects of lithology, porosity and permeability of 

Colombian greensand and its relationship with the Poissonôs ratio and P-impedance3. 

They identified a pattern to determine the quality of reservoir rock using the P-impedance 

as a discriminator, where the values above 12 Mrayls correspond to a non-reservoir 

quality rock (glauconitic wackestones, calcareous-glauconitic sandstones and siltstones) 

and below 12 Mrayls corresponds to a reservoir quality rock (glauconitic and quartz 

sandstones) as shown in Figure 2 -31. Also, the Poissonôs ratio range of glauconitic 

sandstones is from 0.17 to 0.24, and the reported values in Table 2-14 are within this 

range. These studies confirm that glauconite presence reduces the P- and S wave 

velocity and P-impedance besides decreasing the rock permeability. Hossain and Zhou 

(2015) found a variety of petrophysical relationships with the P- and S- wave velocities 

compared to the diagenetic distribution type, and they agree that when glauconite is 

present in the rock, the wave velocities are lower (Figure 2 -32). 

 

Figure 2 -31. P-impedance versus Poissonôs ratio plot, discriminated by the Putumayo Basin, 
Colombia's lithology (colour bar). Dark blue: quartz sandstones, light blue: calcareous-
glauconitic sandstones, green: glauconitic sandstones, orange: quartz-siltstones, and red: 
glauconitic wackestones (Diaz et al., 2003). 

 
3 Impedance is the product of density (Kg/m3) and the wave of speed (m/s) of a material and 

typically is expressed in Mrayl unit that equals 1x106 Kg/m2·m/s (Jaeger et al., 2007). 
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Figure 2 -32. Modelling of porosity and velocity relations using rock physics diagnostics. Blue 
circles are Fontainebleau sandstone from the Ile De France, black circles are clay-bearing 
sandstone, and green circles are greensands from the North Sea (Hossain and Zhou, 
2015). The mentioned models are rock physics proposed by Mavko et al. (2009) for 
intermediate stiff-sand and stiff-sand models and by Dvorking and Nur (1996) for the soft-
sand model. 

Hossain et al. (2009) demonstrated, through image analysis and in mechanical testing 

under 15 MPa uniaxial conditions for greensand, that the permanent deformation results 

from the glauconite grains microporosity while the macroporosity is unchanged, e.g. 

quartz grains are elastic. They also found that the dynamic Young's modulus is 1.3 times 

higher in the static one and that the dynamic Poisson's ratio is 1.2 higher than the static 

one. These findings are important when deriving elastic properties from the laboratory 

(static) or well-logs (dynamic). 

Furthermore, Hossain et al. (2011b) developed a rock physics model integrating elastic 

properties and porosity from logging and coring analysis to identify the diagenetic 

alterations of the North Sea greensands (Figure 2 -33). They found that silica and 

berthierine cementation occurs in the greensand diagenetic alterations; when weakly 

cemented, the formation has low elastic moduli and is modelled by the Hertz-Mindlin 

contact model (Mindlin, 1949). The intermediate-stiff-sand or stiff-sand model (Mavko et 

al., 2009) can be used when the formation has silica cement because it has a higher 

elastic modulus, while the soft-sand (Dvorking and Nur, 1996) or intermediate stiff-sand 

model can be used when the formation has berthierine cement.  
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Figure 2 -33. Schematic rock-physics model for the North Sea greensand shows the link between 
the rock-physics model and greensand diagenesis. (1) Depositional stage, no diagenesis 
occurs. (2.1) Lack of silica cementation, some greensand is not influenced by the silica flux. 
(2.2) Early silica cementation, the first diagenetic mineral to form. (3.1) Pore-filling 
berthierine cementation: berthierine precipitation occurs because microcrystalline-quartz 
cement is absent. (3.2) Berthierine in early silica-cemented greensand that causes major 
porosity reduction. (4.) Late diagenetic phase where berthierine continues to grow (Hossain 
et al., 2011b). 

2.3.6  Greensand effect on well -logs  

Table 2-15 summarises the effects of greensand on different well-logs and which 

petrophysical properties are impacted. As can be seen, the primary logs used for well-

log interpretation are affected, meaning that a different approach must be implemented 

to estimate the petrophysical properties accurately. As previously stated, greensands 

are radioactive due to their high potassium content; hence, spectral gamma-ray logs are 

extremely helpful if available. Particularly the K/Th ratios combined with the photoelectric 

factor log can be used to identify glauconite (Table 2-16). 
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Table 2-15. Summary table showing how greensand affects well-log readings and which petrophysical properties are consequently under or overestimated. 

Well -log  Greensand effect  Causes  
Petrophysic al estimation  or 

consequence  
Reference  

Gamma-ray 

Higher response than 
clean and shaly 
sandstone 

High presence of potassium. 
Greensands can have other clay 
minerals such as chlorite, siderite 
and pyrite. 
Higher boron content than other 
clay minerals. 

The shale or clay volume calculated 
is overestimated. 

Klein et al. (2006); Atahualpa 
(2013); Yang et al. (2019). 

Deep 
resistivity 

Lower response similar 
to freshwater zones 

High cation cation-exchange 
capacity (CEC), meaning lower 
resistivity. 
Large amount of bound water in 
the glauconitic grains. 

The hydrocarbon zone is not easily 
identified. 
The water saturation is 
overestimated. 

Patchett et al. (1993); Hossain et 
al. (2011b); Atahualpa, (2013). 

Neutron 
porosity 

Higher response than 
sandstone 

Large thermal neutron absorption 
cross-section because of its high 
iron content. 
Higher boron content than other 
clay minerals. 

Neutron porosity is overestimated. Patchett et al. (1993) ; Klein et al. 
(2006). 

Bulk density 
Higher response than 
sandstone 

Glauconite is denser than 
sandstone. 
Iron presence. 

Density porosity is underestimated. Patchett et al. (1993); Diaz et al. 
(2001); Klein et al. (2006); Hossain 
et al. (2011b). 

Photoelectric 
factor 

Higher response than 
sandstone 

Relatively high molecular weight. 
Iron presence. 

It can be used to identify the 
glauconitic sandstone lithology. 

Patchett et al. (1993); Atahualpa 
(2013). 

NMR tool 
T2 decays faster Paramagnetic effect of the iron 

content of greensand. 
Bulk mobile fluid underestimated. T2 
cut-off value needs to be lower than 
30 ms. 

Dodge et al. (1996); Slot-Peterson 
et al. (1998); Rueslatten et al. 
(1998) 



- - 51 - - 

Table 2-16. Average ranges of potassium, uranium and thorium concentrations on clays (Eslinger 
and Pevear, 1988). 

Clay mineral  K (wt%)  U (ppm)  Th (ppm)  

Glauconite 3.2 ï 5.8 0 2 ï 8 

Muscovite 7.9 ï 9.8 0 6 ï 22 

Biotite 6.2 ï 10.1 0 0 

Kaolinite 0.1 ï 1.49 0 18 ï 26 

Smectite 0 ï 0.60 0 10 ï 24 

Illite 3.51 ï 8.31 0 6 ï 22 

Chlorite 0 0 6 ï 22 

Illite/Smectite 2 ï 8 (as K2O) 0 0 

 

Due to the greensand effect in well-logs, the core analysis programme is critical for 

accurate calibration and petrophysical model building. An example is shown below 

(Figure 2 -34) where the greensands formations Hermod and Ty present the lowest 

resistivity readings and shorter density-neutron separations, even though the core 

helium-porosity and permeability indicate that these zones are permeable (permeability 

higher than 200 mD) and porous (porosity between 38 ï 43%v/v). Finally, a schematic 

summary of the typical well-log responses is displayed below (Figure 2 -35), highlighting 

clay-free sandstone's gas effect (Neutron-Density crossover) and the no-gas effect in 

greensands. 

The multimineral analysis is the widely used procedure for building a petrophysical 

model, which is a mathematical inversion method (e.g. Doveton, 2018) that finds the best 

fit by knowing the outputs (i.e. core data) and by altering the input variables (i.e. the 

number of minerals and fluids constituents, and well-logs). Patchett et al. (1993) 

conducted a multimineral analysis using the Wiley and Patchett (1990) nuclear log model 

for greensands; they combine two to four minerals - including glauconite as a major 

mineral - and bulk density, neutron porosity, and PEF logs as input. They compare the 

statistical correlation R2 and porosity standard error to define the best regression 

equation to estimate porosity. This study shows that the photoelectric factor log 

contributes to a better porosity estimation since this can better identify the glauconite 

presence similar to illite. 
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Figure 2 -34. Nini-1 well logs showing the greensand reservoirs intervals (Hermod and Ty sands 
from the North Sea), (a) gamma-ray log; (b) porosity logs: bulk density, neutron porosity 
and helium porosity from core analysis; (c) resistivity log and, (d) permeability log (using 
Kozenyôs equation) from core analysis (Hossain et al., 2011b). 

 

 
Figure 2 -35. Diagram of conventional well-logs responses in a quartz sandstone and greensand 

formations, from left to right: gamma-ray log (GR), deep resistivity log (Rdeep), neutron log 
(NEU), bulk density log (DEN), and photoelectric factor log (PEF). 

 

2.3.7  Water saturation model ling  

Greensands present high rock conductivity due to the significant cation-exchange 

capacity of glauconitic grains. Weaver (1989) reports values from 5 to 12 meq/100gr for 

glauconites with up to 5% expandable clays, and with 50% expandable layers, a CEC 

values up to 40 meq/100gr. Patchett et al. (1993) report values from 7.8 to 32.4 

meq/100gr (13 to 81% glauconite). In contrast, values of greensand deep resistivity log 

range from 1 to 5 ohm·m (Slot-Peterson et al., 1998; Pratama et al., 2017; Prayoga et 

al., 2018). Since these values are low, the formation can be confused with freshwater 

rather than a hydrocarbon zone. 


