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Abstract 

The identification and characterization of flow units is as significant in unconventional reservoirs 

as it is in conventional reservoirs. In both reservoir types, this designation guides production 

designs by identifying high and low flow reservoir intervals. But in unconventional reservoirs – 

unlike conventional reservoirs – flow units may also predict the distribution of fluid type, related 

to the size and connectivity of the pore structures. In unconventional reservoirs, an improved 

understanding of how the pore system is affected by the depositional rock fabric or by diagenetic 

processes could lead to the comprehension of how these factors may have controlled the 

distribution of hydrocarbons. 

This study focuses on the Montney play at and surrounding Septimus Field, in South Peace region, 

an example of a tight-oil/gas reservoir where hydrocarbon columns lack an obvious top seal and 

less dense fluids underlie more dense fluids. It applies a well-based data set, including wells with 

log suites and three wells with long cores, in investigate the roles of rock composition and fabric, 

mineralogy, diagenetic events, and petrophysical properties to develop. sedimentological and 

diagenetic models that aid our understanding of fluid distributions. 

The dataset used in this study is a southwest-northeast transect of thirteen wells that penetrate the 

Montney Formation in the Septimus area. Our analysis applies a probabilistic cluster model 

(GAMLS) to well logs (gamma-ray, neutron porosity, and density) to identify and define rock 

types in the Montney Formation. Four end member-rock types (RT) were identified, and each rock 

type was initially defined by a unique log signature. Comparison to mineralogical, geochemical, 

and petrophysical (porosity-permeability relationship, pore throat and pore size) data developed 

from core samples indicates that each rock type is also characterized by unique rock properties. 
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Mineralogical analysis shows that the main mineralogical difference between the rock types is in 

the proportion of (%) K-feldspar + plagioclase, quartz and clays. Furthermore, these compositional 

differences are reflected in the fabric, mineral assemblage, and diagenetic events for each of the 

four rock types. Petrophysical analysis reflects that these compositional differences also had an 

impact on the porosity-permeability relationships, additionally to the presence of the bitumen 

saturation observed occluding the different pore types present for each rock type.  We calculated 

capillary entry pressures under reservoir conditions and under different fluid properties to identify 

differences in the capillary entry pressure for the four rock types. Capillary entry pressures 

reflected the impact of the bitumen lining the pore throats of the rock types and in turn in the 

capillary entry pressures. We were able to confirm that rock types containing a medium to light 

oil have lower capillary entry pressures in comparison to the same rock types containing gas. In 

addition, this analysis confirms that oil with a lower surface tension penetrated more easily the 

pore throats of these rock types, occluding the remanent pore space and leading to production of 

gas, with a higher surface tension accumulate under oil (a denser fluid), leading to these 

unconventional fluid distributions at Septimus field. 

In conclusion, we have demonstrated an effective workflow to define and map flow units in the 

Montney Formation. Our analysis shows that the Montney reservoir in Septimus field can be 

effectively classified from well logs as a combination of four rock types. We have also 

demonstrated that these rock types distinctly differ in their mineralogical composition, organic 

carbon content, rock fabric and, in turn, their petrophysical properties. Furthermore, we have 

demonstrated that rock types can be used to map petrophysical properties and compared to fluid 

distribution at a field scale. 
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Preface 

This thesis was undertaken to identify the critical factors that discriminate between conventional 

and unconventional reservoirs and to develop predictive models for fluid distributions in 

unconventional reservoirs, in particular on the Septimus field of the Montney Formation in British 

Columbia. The objective of this research was to first identify through cluster analysis the different 

rock types present in the formation and understand the specific parameters associated with these 

rock types that force a reservoir system to be unconventional, and to have unusual fluid 

distributions.   

Our cluster analysis subdivides the formation into four end member-rock types which are 

distributed along the southwest-northeast cross section through Septimus field. The mineralogical 

and petrophysical analysis of these four rock types identified important mineralogical and 

petrophysical differences between rock types, which are in turn reflected on the capillary entry 

analysis made at reservoir conditions under different fluid compositions. 

The thesis is divided in four chapters; Chapter 1 describes the geological background of the 

Montney Formation and the depositional and diagenetic setting for the formation in Septimus field. 

Chapter 2 presents the methodology followed for each of the analyses, including the log 

interpretation applied to 13 wells in the study and the mineralogical, geochemical and 

petrophysical analyses applied to the three long cores studied for this research. Core sampling and 

description was done at the University of Alberta in Edmonton. Chapter 3 presents the results from 

the analysis described in Chapter 2. Chapter 4 presents the discussions related to each of the 

analyses and interpretations observed from the results in Chapter 3. In addition, this chapter 

describes the analysis made for capillary entry pressures for the different rock types at reservoir 

conditions and under different fluid compositions. 

Stephany Hernandez was responsible for sample and data collection, log interpretation, and 

interpretation. Chenyang Feng provided the core descriptions and facies interpretations that are 

incorporated into this analysis. N. Vaisblat provided guidance and assistance with well log 

interpretation. R. Kofman provided training and assistance with sampling preparation, and porosity 

analysis to S Hernandez and conducted permeability measurement. Mathew Power provided 

QEMSCAN analyses through Vidence and SGS companies. 



v 
 

Stephany Hernandez composed the manuscript, with assistance from N. Vaisblat with respect to 

text on well log interpretation and from C. Feng with respect to facies descriptions and 

interpretations. Dr. Harris provided guidance and feedback on the interpretation of data and on the 

preparation of the thesis. Dr. Harris and Dr. Benoit Rivard provided funding for the conclusion of 

this project. This thesis will be modified in preparation for submission to a journal for publication. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 
 

Acknowledgements. 

First, I would like to acknowledge CONACYT-SENER; without the funding provided by these 

two organizations, none of this would have been possible. 

I would like to acknowledge and thank my supervisor Dr. Nicholas Harris for giving me the 

opportunity to expand my knowledge in an area that I am very passionate about. I want to thank 

him for his guidance throughout my research and for all the support he gave me since the beginning 

of this adventure. I would like to thank to my co-worker and now Dr. Noga Vaisblat for all the 

knowledge and support she gave me, her passion and love for science always inspired me and I 

am grateful for having the experience to work with someone like her.  

I would also like to thank to the personnel from the University Mark Labbe, Randy Kofman and 

the personal from NanoFAB, thanks to them for their technical help this project was successful. 

I would like to give a special acknowledgement to Dr. Benoit Rivard for the amazing support he 

gave me with funding. Without his help and Dr. Nicholas this project would not have been 

concluded. Thanks to Jilu Feng for his knowledge. 

I want to thank to the undergraduate students Paige Fisher, and Brielle Anderson, and Youssef 

Zaharan (graduated IPG) – guys, without you those cores would have taken for ever. 

I would like to give a special thank to my colleagues Evan, Chris, Haolin, Elaine, Martin, Victoria, 

Hui, and Chenyang – thank you for your friendship, in particular Dan – Dan, thanks for your 

friendship, support and for making me feel less homesick from time to time. I really appreciate it. 

I would like to give an eternal thank to my closest friends, Pedro Navarro, Aurora Duran, Daniel 

Tapia, Gerardo Figueroa, Alessandra Di Castro, and Arturo Mora - guys, you deserve a standing 

ovation because without your support I would not have been able to go through all this, specially 

this last year, you really were my cheering squad. Finally, I want to thank and give all my 

appreciation to my family; mom, dad, Jair, and Kevin – thank you so much for everything, thank 

you for your support, for your love but most of all thank you for always being there for me. 

A final acknowledgement to NSERC DISCOVERY GRANT No. NSERC RGPIN-2018-05695 

for supporting the analytical part of the project. 

 



vii 
 

Table of Contents 

Chapter 1……………………………………………………………………………………1-10  

1. Introduction……………………………………………………………………………1-10 

1.1 Geological Background……………………………………………………………..2-5 

1.1.1 Age and setting………………………………………………………….2-4 

-Sedimentary Diagenesis………………………………………………..4-5 

1.1.2  Study Area……………………………………………………………..5-10 

Chapter 2……………………………………………………………………………………11-16 

2. Methods………………………………………………………………………………11-16 

2.1 Log Interpretation – GAMLS model………………………………………………...11 

2.2 Core logging and rock type association…………………………………………..11-12 

2.3 Quantitative analysis of minerals – QEMSCAN analysis………………………..12-13 

2.4 Petrographic analysis (rock fabric) ………………………………………………….13 

2.5 Geochemistry………………………………………………………………………...15 

 LECO %TOC…………………………………………………………………….15 

 Whole-rock major, minor, trace element compositions………………………….15 

2.6 Petrophysics………………………………………………………………………15-16 

Chapter 3…………………………………………………………………………………...17-42 

3. Results…….………………………………………………………………………….17-42 

3.1 Elevation and GOR distribution……………………………………………………...17 

3.2 Log Interpretation………………………………………………………………...17-21 

3.3 Core log description and rock type comparison………………………………….22-23 

3.4 Rock composition:  

– QEMSCAN (Mineralogical analysis).……………………………………...23-26 

3.5 Geochemistry: 

 - LECO TOC……………………………………………………………………..27 

 -Whole rock characterization…………………………………………………27-28 

3.6 Rock fabric……………………………………………………………………….29-33 

 RT 1……………………………………………………………………………...29 

 RT 2…………………………………………………………………………..30-31 

 RT 3……………………………………………………………………………...31 

 RT 4……………………………………………………………………………...31 

3.7 Pore distribution and morphology………………………………………………..34-37 

3.8 Petrophysical properties: 

 - Porosity: helium porosity and macroporosity analysis……………………..37-38 

 - Permeability………………………………………………………………...39-40 

 - Mercury Injection and BET analysis………………………………………..40-42 



viii 
 

Chapter 4…………………………………………………………………………………...43-70 

4. Discussions…………………………………………………………………………...43-70 

4.1 Mineralogical composition……………………………………………………….43-51  

 - Variations between the rock types………………………………………….43-44 

 - Detrital composition versus diagenetic alteration…………………………..44-46 

 - Paragenetic sequence………………………………………………………..46-51 

4.2 Rock typing (log expression) and rock types: 

- Log characteristics and mineralogical relationship....………………………51-52 

 4.3 Pore system: 

  - Morphology and distribution of pores………………………………………….52 

- Porosity and permeability relationship……………………………………...53-56 

-TOC/bitumen saturation (Sb) control on porosity…………………………...56-57 

- Rock types control on permeability………………………………………...57-59 

- Hydrocarbon production and their relationship to porosity-permeability……...59 

 4.4 Capillary entry pressure calculations……………………………………………..60-68 

  4.4.1 Capillary entry pressure and governing equation………………………60-62 

   - Results………………………………………………………………62-63 

   -Discussions…………………………………………………………..63-67 

o Capillary entry pressure relationship with fluid 

segregation………………………………………………..63-64 

o Effect and relationship of rock types and hydrocarbon 

distribution in Septimus 

field……………………………………………………….64-67 

4.5 Conclusions………………………………………………………………………68-69 

 

References……………………………………………………………………………………70-80 

Appendix 1: Whole Rock Characterization...……………………………………………..81-83 

Appendix 2: Core cleaning…………………………………………………………………84-85 

Appendix 3: Core log description…………………………………………………………..86-88 

Appendix 4: Student-T results……………………………………………………………..89-91 

Appendix 5: Porosity-permeability related to mineralogy ………………………………92-93 

Appendix 6: Cores analyses results………………………………………………………94-183 

 

 

 

 

 

 



ix 
 

List of Tables. 

1. Table 1.3 Dataset used from 13 wells……………………………………………………10 

2. Table 2.3.1 Database of samples and analyses applied......……………………………….14 

3. Table 4.1 Paragenetic sequence…………………………………………………………..49 

4. Table 4.4.1 Reservoir conditions…………………………………………………………61 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



x 
 

List of Figures. 

1. Figure 1.1 Triassic rocks in Western Canada Sedimentary Basin………………………….3 

2. Figure 1.2 Montney´s stratigraphy………………………………………………………...4 

3. Figure 1.3 Major geological features………………………………………………………6 

4. Figure 1.4 Montney Regional Fields………………………………………………………7 

5. Figure 1.5 Location map of study area……………………………………………………..8 

6. Figure 1.6 Cross-section 13 study wells …………………………………………………9 

7. Figure 2.1.1 GAMLS cluster analysis……………………………………………………12 

8. Figure 3.1.1 Maturity and GOR maps for the Montney Formation……………………….19 

9.  Figure 3.2.1 GR logs and GAMLS rock type assignation………………………………..20 

10. Figure 3.2.2 GAMLS model cross-section……………………………………………….21 

11. Figure 3.3.2 Representative lithofacies in the three Montney Formation cores– (C. Feng, 

2020) …………………………………………………………………………………….23 

12. Figure 3.4.1 Spider plots – QEMSCAN analysis…………………………………………26 

13. Figure 3.5.1 LECO %TOC plot…………………………………………………………..27 

14. Figure 3.5.2a U, Th, and K relationship………………………………………………….28 

15. Figure 3.5.2b Uranium concentration for the 4 RTs………………………………………28 

16. Figure 3.6.1 RT 1 petrography……………………………………………………………29 

17. Figure 3.6.2 RT 2 petrography……………………………………………………………30 

18. Figure 3.6.3 RT 3 petrography……………………………………………………………32 

19. Figure 3.6.4 RT 4 petrography……………………………………………………………33 

20. Figure 3.7 SEM images: pore shapes……………………………………………………..35 

21. Figure 3.8 SEM images: pore types…………………………………………………...36-37 

22. Figure 3.9.1 He-porosity vs Macroporosity………………………………………………38 

23. Figure 3.9.2 Porosity RTs………………………………………………………………...38 

24. Figure 3.9.3 Cross-plot permeability oil and gas producer...........………………………..39 

25. Figure 3.9.4 Histogram plug permeability- RTs………………………………………….39 

26. Figure 3.9.5 MICP curves – RTs…………………………………………………………41 

27. Figure 3.9.6 Adsorption-desorption isotherms…………………………………………...42 

28. Figure 4.1.1 Average mineral composition and grain sizes………………………………44 

29. Figure 4.1.2 Ternary diagram…………………………………………………………….45 



xi 
 

30. Figure 4.1.3 SEM images – phosphates………………………………………………….49 

31. Figure 4.1.4 SEM images – pyrite………………………………………………………..49 

32. Figure 4.1.5 Petrography – carbonates…………………………………………………...50 

33. Figure 4.1.6 SEM images – quartz………………………………………………………..50 

34. Figure 4.1.7 Organic matter………………………………………………………………51 

35. Figure 4.3.1 Plug porosity oil and gas producer..................................................................53 

36. Figure 4.3.2 Permeability values for RTs………………………………………………...53 

37. Figure 4.3.3 He-porosity vs %TOC………………………………………………………54 

38. Figure 4.3.4 He-porosity vs permeability associated to mineralogy..…………………….55 

39. Figure 4.3.5 He-porosity vs permeability associated to Sb………………………………..56 

40. Figure 4.3.6 Sb vs Median pore throat diameter (M.P.D.) ………………………………..57 

41. Figure 4.3.7 Permeability associated to mineralogy…………………………………..59-60 

42. Figure 4.4.1 Schematic representation main forces involved during fluid distribution…..60 

43. Figure 4.4.2 Nomograph mercury-air to hydrocarbon-water conversion factor…………62 

44. Figure 4.4.3 C.E.P. vs T.P.V. plots……………………………………………………….66 

45. Figure 4.4.4 Cross-plot pore diameter distribution vs I.P.V………………………………67 

 

 

 

 

 

 



1 
 

Chapter 1 - Introduction 

The connection between rock properties and hydrocarbon distribution is a fundamental problem 

in unconventional reservoirs, in particular for tight -hydrocarbon systems. Tight -hydrocarbon 

systems are characterized by nano-scale pore networks, which affect capillary entry pressures in 

the rocks. This, in turn, influences fluid distribution present in the pore system.  Our study focuses 

on the Montney Formation at Septimus field, an example of a tight-oil/gas reservoir where 

hydrocarbon columns lack an obvious top seal and less dense fluids underlie more dense fluids. 

More specifically, we test our dataset for links between petrophysical properties of the reservoir 

and fluid distributions. 

The extrapolation of core data to field-scale fluid distributions in unconventional reservoirs 

presents an additional problem because of two factors: (1) the inherent heterogeneity of mudstone 

sequences, whether shales such as the Duvernay Formation (Knapp et al., 2017; Harris et al., 2019; 

Dong et al., 2020) or siltstones such as the Montney Formation (Vaisblat, 2020; Vaisblat et al., 

2021); and (2) the relatively sparse sampling density with comprehensive petrophysical data sets. 

Because we want to compare petrophysical properties to fluid distributions at the field scale, we 

develop and apply a three-step methodology.  First, we apply a well log interpretation approach to 

identifying rock types present in the reservoir. Second, we use the rock type analysis to select cores 

samples for mineralogical, geochemical and petrophysical analysis. As part of this step, we 

examine whether the samples grouped into clusters by log interpretation are defined by meaningful 

differences in rock properties. Third, we compare rock typing in combination with petrophysical 

properties to fluid distributions, in order to identify specific properties that may influence 

distinctions of oil-rich and gas-rich sections of the reservoir. 

Our analysis applies a probabilistic cluster model analysis through well logs to identify and define 

rock types in the Montney Formation. Data on rock mineralogy and rock fabric from QEMSCAN 

and thin section analysis, total organic content from geochemical analysis, and pore system 

properties that include porosity, permeability, pore throat size and pore size, were drawn from 

samples from three wells with core in the Montney interval at Septimus field. These data were 

used then to corroborate distinctions between rock types identified through the cluster model and 

to identify differences between a well that produces oil and a well that produces gas. Then, 
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capillary entry pressure estimations were calculated for the rock types under reservoir conditions, 

accounting for differences in fluid properties between a medium to light oil and gas. 

1.1 Geological background 

1.1.1 Age and setting  

The Lower Triassic Montney Formation is a major oil and gas reservoir in the Western Canada 

Sedimentary Basin (WCSB) (Figure 1.1). The WCSB comprises the eastern Canadian Cordillera 

and two major sedimentary basins: the Alberta Basin, which was on the continental margin in the 

Early Triassic, and the intracratonic Williston Basin (Crombez et al., 2017). A large sub-basin, 

termed the Peace River Embayment, was part of the Alberta Basin at the time of Montney 

deposition. 

The Montney Formation was deposited as a west-dipping clastic wedge of Early Triassic age 

during a major transgressive – regressive cycle, deposited unconformably onto an eroded 

Carboniferous and Permian surface (Edwards et al., 1994). The Montney has been subdivided into 

three main members: the Lower Member, of Griesbachian to Dienerian age, which is an overall 

transgressive succession and is correlated with the Early Triassic  transgressive-regressive cycle; 

the Coquina Dolomite Middle member, of Dienerian and Smithian ages, which is characterized by 

a major basin-ward, westward shift of the Montney shoreline, and the Upper Member, of Smithian 

to Spathian age, which is correlative with two, shorter-duration third-order transgressive sea level  

cycles (Figure 1.2) (Davies et al., 1997; Dixon, 2000; Moslow, 2000; Zonneveld and Moslow, 

2018). The Montney Formation rests on a major unconformity upon the Permian Belloy Formation 

and is unconformably overlain by the phosphatic-rich member of the Doig Formation in the most 

eastern section of the basin and the Sunset Prairie Formation (further west in northeastern British 

Columbia. Farther east into Alberta, where the Doig Formation is absent, the Montney Formation 

is overlain by the Jurassic Gordondale Member of the Fernie Formation (Crombez et al., 2017; 

Vaisblat et al., 2021). 

Depositional facies of the Montney Formation are interpreted to have varied from fine-grained 

shoreface, shelf siltstone, to shale, fine-grained sandstone turbidites, organic-rich phosphatic shale, 

and submarine fans deposits, deposited in water depths that generally increased from east to west 

(Davies et al., 1997, 2018; Zonneveld et al., 2011; Playter, 2013; Crombez et al., 2017; Euzen et 
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al., 2018; Zonneveld and Moslow et al., 2018). Grain size distributions in the Montney suggest 

that it was deposited in an arid climate, sourced from wind-blown, recycled quartz-rich shield 

material from the east (Vaisblat et al., 2021; Edwards et al., 1994; Davies et al., 1997). Sediments 

were deposited in a generally anoxic to dysoxic environment that experienced short-term fully 

oxygenated events recorded by several bioturbated intervals (Nassichuk, 2000; LaMothe, 2008; 

Zonneveld et al., 2010a, b, 2011; Moslow and Zonneveld, 2012; Playter, 2013; Crombez, 2016; 

Crombez et al., 2017). 

Burial history models indicate that the Montney Formation experienced relatively shallow burial 

(no deeper than 1000 m) from the time of deposition through the end of the Jurassic (~100 million 

years period) (Ness, 2001; Ducros et al., 2017; Rohais et al., 2018). At the start of the Laramide 

Orogeny, which began in the Early Cretaceous, rapid subsidence and high sedimentation rates 

occurred in the WCSB, and at the peak of the Laramide Orogeny, the Montney reached its 

maximum burial depth and hence maximum temperatures (ca 57.8 Ma). The Montney Formation 

has been subjected to continuous uplift and erosion from the Paleocene to present days (Willett et 

al., 1997; Ness, 2001; Ducros et al., 2017; Rohais et al., 2018). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Left, Triassic rocks in the Western Canada 

Sedimentary Basin (modified from D.E. Edwards, 1994). Right, 

Montney depositional environment and distribution (Ross Smith 

Energy Group, 2009). 
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Figure 1.2 Montney’s stratigraphy and depositional environments, representing from bottom to top 

the three main members. The Lower Member is characterized by a major transgressive succession 

that divides it from the Middle Member. The Upper Montney is characterized by sediments deposited 

on a storm-dominated shoreface and offshore transition (Seifert et al., 2015 modified from Davies). 

Sedimentary Diagenesis - Diagenetic processes are significant to both rock composition and 

petrophysical properties. Sediments in the Montney consist primarily of detrital quartz, carbonates, 

and feldspars with lesser amounts of mica and clays. Minor amount of plagioclase, glauconite, 

zircon, and spinel are also present as detrital grains (Vaisblat, 2020). Calcite, dolomite, feldspar, 

and quartz cements are present. Pyrite also has been reported throughout the Montney as well as 

authigenic clays like illite, chlorite and illite-smectite (Vaisblat et al; 2017). 

To understand the different diagenetic phases in the Montney Formation, it is important to consider 

the chemical conditions (pH, temperature) during diagenesis at the time. During the Early Triassic, 

oceanic waters were acidic, hot, and irregularly oxygen-depleted, and at the time of Montney 

Formation deposition, anoxic or dysoxic bottom water conditions have been interpreted based on 

the absence of trace fossils, sulfide pseudomorphs after pollen grains and spores, and enriched 

concentrations of trace elements (such as U, V and Mo) (Zonneveld et al., 2010; Crombez et al., 

2017). A first stage of carbonate dissolution took place under these conditions, which have also 

been associated with dissolution of underlaying Permian carboniferous strata, possibly also related 

to hydrothermal fluid involvement (Vaisblat et al., 2021; Nassichuk, 2000; Liseroudi et al., 2017). 

In the Montney Formation, the main diagenetic processes consist of porosity destruction through 

compaction and cementation and porosity enhancement through dissolution of grains and cements. 

Vaisblat (2021) distinguishes an early, shallow burial diagenetic stage from late, deep burial 
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diagenesis in the Montney Formation. It was during this early shallow burial stage that the 

Montney Formation lost some of its primary porosity through mechanical compaction and in lesser 

amount through cementation (mainly calcite cement). Petrographic evidence suggests that at that 

time, the rock had an open pore network that allowed space for massive fluid flow and mineral 

precipitation (Vaisblat et al., 2021).  

Reduction of primary porosity in the Montney occurred under shallow burial conditions, when an 

influx of sea water led to the precipitation of overgrowths of quartz, dolomite, and clays. 

Authigenic clays were not affected by compaction, having formed after the quartz replacement and 

dolomite precipitation. Ferroan dolomite is common in the Montney, infilling primary porosity as 

a microcrystalline cement, euhedral dolomite rhombs, and partial and complete replacement of 

quartz. Precipitation of ferroan dolomite was a later diagenetic event, thus not affected by 

compaction (Vaisblat et al., 2021; Nassichuk, 2000). Deep burial diagenesis played a minor role 

and took place through pressure solution and precipitation of a late, secondary quartz cement phase 

(Vaisblat et al., 2021). 

Most of the diagenetic processes affecting the Montney reservoir took place during shallow burial 

(<1000 m), and the precipitation of such large volumes of cements led to the homogenization of 

rock composition, greatly limiting variability between the lithofacies. 

1.1.2 Study Area 

This study focuses on the Montney play, in the South Peace region. The Montney play trend covers 

approximately 1.5 million hectares (3.8 million acres). The Montney Formation is up to 320 m 

thick and is an unconformity-bounded marine succession with mostly fine to locally coarse 

siltstone, that is bituminous, and dolomitic or calcareous (Zonneveld et al., 2011; Zonneveld and 

Moslow, 2014; Panek, 2000). Both the Upper and Lower Montney are horizontal drilling 

objectives (Adams, 2011; Oil and Gas Division Ministry of Energy and Mines).  

Over the years, the Montney production has focused in two sub-regions, the Montney Regional 

Heritage Field, situated south of Fort St John, and the North Montney Field, northwest of Fort St 

John, east of the Rocky Mountain front range (Proverbs et al., 2018). 

Production in the South Peace region comes primarily from the Dawson Creek/Fort St John area. 

In this region (Figure 1.3), recurrent compression during the Late Cretaceous associated with the 
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Late Carboniferous Dawson Creek Graben Complex influenced deposition of sediments, including 

the early Triassic Montney successions (Proverbs et al., 2018; Moslow, 2000). 

 

Figure 1.3 Major geological features 

associated to the area (after Davies, 

1997a). It includes the eastern limit of 

the Rocky Mountain Fold and Thrust 

Bell, and the outline of the Peace River 

Arch. Depicted are some of the major 

faults that comprise the Late 

Carboniferous, Dawson Creek Graben 

Complex and figure in black is 

represented Septimus field. (modified 

from Proverbs et al., 2018; O’Connell 

et al., 1990; Barclay et al., 1990). 

 

 

 

 

The focus of this study is Septimus field, with an area of approximately 2100 km2 consisting of a 

single pool (Montney A pool – Upper and Lower Montney) that produces both dry and wet gas 

and has a small oil column in part of the field (Figure 1.4) (BC Ministry of Natural Gas 

Development, 2014). The field is located northwest of Heritage Field, approximately 19 km 

southwest of the city of Fort St John. Septimus field has been operated through the years by three 

companies, ARC Resources Ltd. (ARC), Canadian Natural Resources Ltd. (CNRL), and Crew 

Energy Inc. (BC Ministry of Natural Gas Development, 2014). ARC land holdings by 2015 were 

~615 net sections (159 000 hectares), getting a daily production after three months during 2015 of 

353 MMcf/day of natural gas, 3155 barrels/day of oil and 1947 barrels/day of natural has liquids 

(ARC Resources Ltd, 2015). Septimus field is a major project for CNRL, which has focused 

Septimus 
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drilling on the liquids-rich area. The Septimus area is one of the most active areas for Crew Energy 

Inc., representing 73% of its overall corporate reserves; Crew has drilled wells testing as high as 

15 MMcf/day with an EUR per well of 5 Bcf (Crew Energy Inc., 2015). 

We have focused on a southwest-northeast transect of thirteen wells that penetrate the Montney 

Formation in the area (Table 1.3, Figures 1.5 and 1.6). Of these wells, three had long cores 

available for sampling and analysis; two are gas producers, and one is an oil producer at the 

Montney interval. A comparison of these wells in terms of well log and petrophysical properties 

was a major objective of this research. 

 

Figure 1.4 Montney Regional Fields 

and dry/wet/oil distribution (BC, Oil 

and Gas Commission Hydrocarbon, 

2012). 
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Figure 1.5 Location map of study area (yellow star in the inset map, upper left) covering Septimus pool and surroundings. Wells used for 

the petrophysical cluster analysis are in blue. Red and green areas are schematic representations of the gas and oil trends, respectively 

(based on well production reports and structural configuration for the Montney (modified from WCSB Gas Liquids & Light Oil Fairways 

Study, 2013, Canadian Discovery Ltd.) 
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Figure 1.6 Top: Cross-section with the 13 wells used for the petrophysical 

model. Respective GR logs and cores for each well are represented in the cross-

section. Bottom right: Location map of Septimus field with cross-section and 

well location. 
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Table 1.3 Dataset used from the 13 wells located at Septimus field. Arrows represent the 3 wells with cores at Montney interval, 

and which were selected for further analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Well ID Logs Survey 

 

Core Interval 

N
o

. C
o

re
s 

Interval 
Recovery 

16-31-80-21 GR, Nphi, and Rob  Vertical well        

1-36-81-22 GR, Nphi, and Rhob  Vertical well        

4-9-84-22 GR, Nphi, and Rhob ✓ 

 
1631-1660.3m                 
1701-1719m              
1758-1776m        

1867-1903.2m   
1931.5-1949.5m                   

2 
1 
1 
2 
1 

29.4m 
18m 
18m 

36.2m 
18m 

6-6-82-21 GR, Nphi, and Rhob ✓        

4-11-81-21 GR, Nphi, and Rhob ✓ 

 
2030-2066.30m                 
2066.30-2103m              
2103-2139.75m        

2139.75-2175.90m   
2175.90-2212.15m                   

1 
1 
1 
1 
1 

36.30m 
36.70m 
36.75m 
36.15m 
36.25m 

1-28-81-20 GR, Nphi, and Rhob ✓        

7-5-82-19 GR, Nphi, and Rhob          

12-33-080-17 GR, Nphi, and Rhob ✓ 

 2046-2154.91m                 
2154.91-2186.34m              
2186.34-2268.09m                           

1 
1 
1  

108m 
31m 
81m  

16-6-81-17 GR, Nphi, and Rhob  Vertical well        

11-5-82-18 GR, Nphi, and Rhob  Vertical well        

12-4-82-18 GR, Nphi, and Rhob ✓        

14-20-82-18 GR, Nphi, and Rhob  Vertical well        

13-18-82-17 GR, Nphi, and Rhob  Vertical well        

Well cores used for further 

analysis and identification of 

rock types (See table 2.3.1) 
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Chapter 2 - Methods 

2.1 Log interpretation - GAMLS model 

We used GAMLS to identify rock types end -members in the Montney formation. GAMLS 

(Geological Analysis via Maximum Likelihood System) performs a probabilistic cluster analysis 

of well logs. During clustering, every depth step is assigned to one or more modes (rock-types end 

members) with a probability between 0 and 1. (Eslinger et al., 1996; Figure 2.1.1). High mode 

probability assignment values indicate a higher likelihood of that depth belonging to that rock type. 

Depths that have two or more rock types assigned to them are interpreted to be mixtures of these 

rock types (Figure 2.1.1b). Input variables included the Gamma ray (GR), neutron porosity (NPHI) 

and the bulk density (RHOB) well logs. 

For this study we required the software to identify four rock types with an unsupervised cluster 

analysis performed on all thirteen study wells. After assigning each end member a lithology, we 

identified the depth intervals in which a single rock type was allocated a probability of 70% or 

higher (Figure 2.1.1b). Following a meticulous depth shift, these intervals were identified in the 

three cores and samples from these depths were taken for further analysis. Selecting samples that 

are assigned to a specific rock type with a probability of 70% or higher assures that the properties 

investigated are mostly representative of a single rock type rather than a mixture of rock types. A 

comparison of samples selected from the different rocks types enables us to verify the 

mineralogical, geochemical and petrophysical differences and similarities between them. 

2.2 Core logging and rock type association 

Detailed sedimentological core log descriptions of the three cores analyzed for this research was 

provided by Chenyang Feng, who performed a detailed 1 (cm) description and interpretation of 

the lithofacies observed at the Montney Formation interval, identifying, and classifying facies on 

the basis of lithology, rock fabric, and sedimentary structures. The facies identified in core 

description where compared to rock types identified by the GAMLS analyses for well 100/04-11-

081-21W6/00 to test whether there was any correspondence between rock types and lithofacies. 
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Figure 2.1.1 (Modified from Vaisblat, 2020) GAMLS cluster analysis is used for classifying and 

grouping samples based on similarities. (a) Representation of a hard clustering: data is exclusively 

assigned to one rock type. (b) Graphic representation of a fuzzy clustering used in this study. Each 

depth step is assigned one or more rock types and each rock type is assigned a lithology. The 

lithological description of each depth step depends on its probabilistic assignment of end members. 

Depth 1660 m is composed mostly of siltstone (74%) and lesser amount of limestone (26%) and can 

be classified as a calcareous siltstone. Intervals that were assigned a single rock type with a 

probability of 70% or higher were selected for further analysis (e.g. 1660 and 1882 m). 

 

2.3 Quantitative analysis of minerals – QEMSCAN analysis 

Mineralogical data on core samples were obtained from QEMSCAN analysis. This is an automated 

system that provides mineralogical and compositional data with the application of a scanning 

electron microscope coupled to up to 4 x-ray spectrometers that image and map the composition 

of a sample. Analysis was carried out at SGS Canada Inc. and at Vidence Inc. both in Burnaby, 

BC, Canada. A suite of samples representing the rock types identified by GAMLS analysis was 

selected from the three long cores. Prior to this step, a core to-log depth shift was performed to 

ensure that samples selected corresponded to specific rock types. A total of 51 core samples (Table 

2.3.1) representing specific rock types were collected, in which samples identified as representing 

a specific rock type were chosen from intervals in which 70% of the contribution to the total rock 

composition was based on a single rock type. We sampled separately core 100/04-11-081-

(a) (b) 
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21W6/00 every 1 (m) interval through the whole Montney. From each core, a continuous sliver 

was cut and divided into one-meter intervals. Then each one-meter sliver was sectioned in half, 

one half for further references and the rest of the sliver was then crushed to generate pseudo-

cuttings. From each sample, a ~50 gr subsample was obtained for QEMSCAN analysis. 

Samples were washed and then impregnated with resin; where the epoxy resin was present, 

backscatter electron brightness (BSE) value under SEM analysis is low, and no x-ray spectrum is 

acquired. Conversely, where minerals were present and BSE was high, an x-ray spectrum is 

acquired. The resultant x-ray spectrum was compared with a look-up table of known mineral 

compositions and chemical compositions and a mineralogical identification was made (Vidence 

Methods Summary, 2020). 

2.4 Petrographic analysis (rock fabric):  

Thin section analysis was performed to characterize rock fabric, including presence and nature of 

lamination, grain size, and to discriminate between diagenetic and depositional minerals. Thirty-

two petrographic thin sections were selected from the set of 51 QEMSCAN samples and analyzed 

with an Axio Zeiss Scope.A1 optical microscope at the University of Alberta. Samples were 

impregnated with blue epoxy to reveal macroporosity. Thin sections were polished to 30 µm, each 

half section stained with a dilute-acid Alizarin-red-S and potassium ferricyanide solution to 

facilitate identification of carbonate minerals. 

High resolution images of samples and compositional information were obtained through scanning 

electron microscopy (SEM), including energy dispersive spectroscopy (EDS) analysis, to identify 

the minerals present, describe the distribution of organic matter and examine the morphology, 

distribution, type, and sizes of pores at a micron and submicron-scale in the rock types. Twenty-

four samples were analyzed by SEM. Samples were mechanically polished and then ion-milled 

with a Fischione Model 1060 SEM Mill at the University of Alberta and then coated with carbon 

before imaging. SEM analysis was supported with EDS, both performed on a Zeiss Sigma FESEM 

configured with in-lens secondary electron (SE) detector and a backscatter (BSD) detector, with 

an accelerating voltage of 20kV, at the nanoFAB facilities and in the Department of Earth & 

Atmospheric Sciences, both in the University of Alberta, Alberta. 
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Table 2.3.1 Database of samples selected from the three well cores and studies applied to each of them. 

  
Well location Hcb type ID Sample type Depth [m] QEMSCAN LECO %TOC ICP/ICP-MS MICP BET PERM [md] Porosity [%] Thin section SEM/EDS

4-11-81-21W6 wet gas M1 cutting 2088.12 ✔ ✔ ✔ ✔ ✔ ✔

4-11-81-21W6 wet gas M3B cutting 2195.8 ✔ ✔ ✔ ✔ ✔

4-11-81-21W6 wet gas M3D cutting 2100.4 ✔

4-11-81-21W6 wet gas M1A cutting 2093.22 ✔ ✔ ✔ ✔ ✔ ✔ ✔

4-11-81-21W6 wet gas M1C cutting 2096.62 ✔ ✔ ✔ ✔ ✔

4-11-81-21W6 wet gas M3E cutting 2158.79 ✔

4-11-81-21W6 wet gas M3 cutting 2133.09 ✔ ✔ ✔ ✔ ✔ ✔ ✔

4-11-81-21W6 wet gas M3A cutting 2125.35 ✔ ✔ ✔ ✔ ✔ ✔

4-11-81-21W6 wet gas M2 cutting 2136.37 ✔ ✔

4-11-81-21W6 wet gas M1B cutting 2174.01 ✔ ✔ ✔ ✔ ✔ ✔ ✔

4-11-81-21W6 wet gas M3C cutting 2127.23 ✔ ✔ ✔ ✔

4-11-81-21W6 wet gas M1D cutting 2074.57 ✔ ✔

16-06-081-17 W6M wet gas M1 cutting 2068.03 ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔

16-06-081-17 W6M wet gas M1B cutting 2189.56 ✔ ✔ ✔ ✔

16-06-081-17 W6M wet gas M1C cutting 2249.42 ✔ ✔ ✔

16-06-081-17 W6M wet gas M2E cutting 2124.46 ✔

16-06-081-17 W6M wet gas M1A cutting 2106.47 ✔ ✔

16-06-081-17 W6M wet gas M2 cutting 2096.37 ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔

16-06-081-17 W6M wet gas M2A cutting 2109.18 ✔ ✔ ✔ ✔ ✔ ✔

16-06-081-17 W6M wet gas M2B cutting 2177.36 ✔ ✔ ✔ ✔ ✔ ✔ ✔

16-06-081-17 W6M wet gas M2C cutting 2075.23 ✔

16-06-081-17 W6M wet gas M2D cutting 2179.47 ✔

16-06-081-17 W6M wet gas M3 cutting 2136.24 ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔

16-06-081-17 W6M wet gas M3A cutting 2165.25 ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔

16-06-081-17 W6M wet gas M3B cutting 2186.01 ✔ ✔ ✔ ✔ ✔ ✔ ✔

16-06-081-17 W6M wet gas M3C cutting 2151.13 ✔ ✔ ✔

16-06-081-17 W6M wet gas M3D cutting 2168.19 ✔

16-06-081-17 W6M wet gas M4A cutting 2241.64 ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔

16-06-081-17 W6M wet gas M4 cutting 2206.28 ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔

16-06-081-17 W6M wet gas M4B cutting 2256.65 ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔

16-06-081-17 W6M wet gas M3E cutting 2196.39 ✔

16-06-081-17 W6M wet gas M4C cutting 2200.2 ✔

04-09-084-22W6 oil M2D cutting 1659.2 ✔ ✔ ✔ ✔ ✔ ✔

04-09-084-22W7 oil M4B cutting 1867 ✔ ✔ ✔ ✔ ✔

04-09-084-22W8 oil M1C cutting 1885 ✔ ✔ ✔ ✔ ✔

04-09-084-22W9 oil M2F cutting 1704.2 ✔

04-09-084-22W10 oil M4C cutting 1873.4 ✔ ✔

04-09-084-22W11 oil M4D cutting 1878 ✔ ✔ ✔

04-09-084-22W12 oil M2 cutting 1713.4 ✔ ✔ ✔ ✔ ✔ ✔ ✔

04-09-084-22W13 oil M2A cutting 1768 ✔ ✔ ✔

04-09-084-22W14 oil M2B cutting 1941.6 ✔ ✔ ✔ ✔

04-09-084-22W15 oil M2C cutting 1716 ✔ ✔

04-09-084-22W16 oil M1 cutting 1770 ✔ ✔ ✔ ✔

04-09-084-22W17 oil M1A cutting 1703.4 ✔ ✔ ✔

04-09-084-22W18 oil M3 cutting 1770.8 ✔ ✔ ✔ ✔ ✔ ✔

04-09-084-22W19 oil M3B cutting 1776 ✔ ✔ ✔

04-09-084-22W20 oil M3A cutting 1765.2 ✔

04-09-084-22W21 oil M3C cutting 1763.2 ✔ ✔ ✔ ✔

04-09-084-22W22 oil M2E cutting 1656.2 ✔ ✔ ✔ ✔

04-09-084-22W23 oil M4 cutting 1870.4 ✔ ✔ ✔ ✔

04-09-084-22W24 oil M1B cutting 1881.8 ✔ ✔ ✔ ✔ ✔

04-09-084-22W25 oil M4A cutting 1900.9 ✔ ✔
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2.5 Geochemistry 

LECO %TOC: Thirty-two samples (8 samples for well 100/04-11-081-21W6/00, and 12 samples 

each for cores 100/12-33-080-17W6/02 and 100/04-09-084-22W6/00) were analyzed for %TOC 

(Total Organic Content) by a LECO Carbon Analyzer at Geomark Laboratories, Humble, Texas. 

The samples selected were identical splits of QEMSCAN samples. 

Whole-rock major, minor, and trace element compositions: Twenty samples (10 samples each 

from wells 100/04-11-081-21W6/00 and 100/12-33-080-17W6/02), were analyzed at Bureau 

Veritas Labs in Vancouver, BC. These samples were also identical splits of the QEMSCAN 

samples.  Samples were cleaned and crushed into powder (pulverized until material passes through 

a 200 mesh) and then analyzed using Inductively Coupled Plasma (ICP) and ICP-Mass 

Spectrometry (ICP-MS). Major oxides such as SiO2, Al2O3, and CaO were analyzed by ICP, 

following lithium borate fusion and dilute acid digestion, and 45 trace elements were analyzed by 

ICP-MS. An internal Bureau Veritas Laboratories standard SO-18 was analyzed with the rock 

samples (see Appendix 1). 

2.6 Petrophysics 

Petrophysical measurements included: helium (He) porosimetry, pulse decay permeability, 

mercury injection capillary pressure (MICP) analysis for measurement of pore throat diameters, 

and nitrogen adsorption-desorption experiments to measure internal surface area and calculate pore 

diameters.  

A.- Porosity and permeability measurements were measured in 24 plugs, 12 plugs from well 

100/12-33-080-17W6/02, which is a gas well, and 12 plugs from well 100/04-09-084-22W6/00, 

an oil producer. Plugs from the oil-producing well were washed prior to testing in a Dean-Stark 

device using a solution made of 30% acetone, 23% methanol, and 47% chloroform for 12 hours 

or until the solution showed no evidence of hydrocarbons present (images of the solution are 

provided in Appendix 2). The 24 samples were then dried in an oven for 24 hours at 100 °C to 

remove any remaining fluid. A helium pycnometer, a Pentapyc 5200e, was used to measure grain 

density; then by applying equation (1) and the calculated bulk density from our plugs, porosity 

was calculated. 
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𝜙 = 1 − (
𝐵𝑢𝑙𝑘𝜌

𝐺𝑟𝑎𝑖𝑛𝜌
) … (1) 

Permeability was measured on core plugs with a Coretest NDP-605 NanoDarcy Permeameter, 

which is designed to measure low and ultra-low permeabilities. Samples rested at the target 

confining and pore pressure between 23 – 24.5 hrs, in order to stabilize, before taking 

measurements; the instrument then propagate a differential pressure pulse through the plug and 

recorded upstream pressure, downstream pressure, and differential pressure. For our samples, we 

applied a confining pressure of ~2 kpsi, a pore pressure of ~1 kpsi, and temperature ~29 °C. The 

differential pressure pulse was ~10 psi and the target pressure stability 0.08 %/min. 

Porosity and permeability measurements were conducted in the Department of Earth & 

Atmospheric Sciences at the University of Alberta. 

B.- Thirty-two samples were analyzed by mercury injection with a Micrometrics Autopore IV 

9520 mercury porosimeter at AGAT Laboratories in Calgary, Alberta. Samples were first dried in 

a vacuum oven at 60 °C under a vacuum gauge pressure of -15 mmHg for 24 hrs. They were then 

loaded into an appropriately-sized penetrometer (which consisted of a sample cup connected to a 

metal-clad, precision-bore, glass capillary stem) and loaded into the mercury porosimeter. The test 

is composed of two stages; first is a low-pressure stage in which intrusion of mercury is measured 

in several steps, from vacuum to 30 psi. At this stage, the bulk density is calculated. In the second 

stage intrusion of mercury is measured, in several steps, from 30 to 60 000 psi (Nikolas Minions, 

personal communication). 

C.- Nitrogen adsorption-desorption (BET) analysis was applied to 8 samples (4 samples each for 

wells 100/04-11-081-21W6/00 and 100/12-33-080-17W6/02, representing each of the 4 rock 

types) to obtain information on pore volume versus pore size distribution. The device measures 

the amount of nitrogen gas adsorbed onto external and internal sample surfaces as pressure is 

increased and, similarly, the amount desorbed while pressure is decreased; these data then was 

used to calculate surface area and pore size distribution. Adsorption and desorption isotherms were 

measured using a Quantachrome Autosorb-1 at the University of Alberta. Samples first were 

crushed and sieved to 0.5-1 mm. Samples between 0.5-1 g were then degassed under high vacuum 

for 24 hours at 120 °C and analyzed at 77.35 K. Surface areas were calculated for the 8 samples 

using the BET model in P/P0 range of 0 to 0.3 (Brunauer et al., 1938; Schettler et al., 1989).
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Chapter 3 - Results 

3.1 Elevation and GOR distribution   

An elevation map (reference to MSL) and GOR m3 map (gas-oil ratio) in Septimus field were 

configured. From Septimus field and surroundings, we selected a total of 2210 wells with top-

Montney elevations (public dataset) and 726 wells, with oil and gas production; using this dataset, 

the GOR from the first 12 months of production was calculated on a well-by-well basis. (Figure 

3.1.1). 

We observed that at Septimus field, the top-Montney Formation elevation dips from north to south 

with depths ranging from -2250 to ≥ -3000 msl. GOR ratios describe a liquid-rich pool in the 

northeastern part of the field, with rapid transitions to much drier (gas-rich) compositions to the 

south and west following the same trend as the regional Tmax map for the Montney Formation. 

3.2 Log Interpretation 

We create a model of rock type distribution in the Montney reservoir at Septimus field through 

GAMLS analysis that classifies the formation as a mixture of four different rock types (RT), based 

on log responses in through the 13 study wells (Figure 3.2.1a). In this analysis, RT 1 and RT 4 

correspond to parts of the section with the lowest GR values (~48-110 API). RT 1 represented with 

the lowest GR and NPHI (~7%) responds and relative lower RHOB values (~2.6 cc). RT 4 is 

represented with the highest NPHI (~10 to 15%), and highest RHOB of the rock types (~2.7 cc). 

RT 2 represented intervals of the Montney section with the highest GR response (~130 to ~180 

API), relatively high NPHI (~10%), and relatively low RHOB (~2.5) response. RT 3 represented 

the intervals with the smallest RHOB response (≤ 2.5 cc), relatively high GR (~128 API) and 

relatively low NPHI (~8%) responds (Figure 3.2.1b). 

The entire Montney interval, represented in cross-section by Figure 3.2.2, is arrayed as mixtures 

of these four end member rock types, based on this analysis. In general, RT 1 is the most abundant, 

(present in most of the section where it typically makes up 50-80% of the rock), followed by RT 

3, which typically makes up (~40%), RT 4 (5-15%), and in less proportion, RT 2 (~5%).   We 

observe that from the middle of the cross-section to the northeast (from W6 to HZ), the Upper 

Montney interval is represented mainly by RT 3 followed by RT 1, whereas the rock types in the 
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Lower Montney consist of subequal proportions of RT 1 and RT 3. While RT 2 and RT 4 form 

thin intervals intercalated throughout the formation. 

In the southwest part of the study area, RT1 is less abundant and thin intervals of RT 2 are more 

abundant in the Upper Montney. Greater vertical and lateral variations in the distribution of the 

rock types are evident, and a thick interval mostly consisting of RT 4 is present at the bottom of 

the section, especially prominent in W2. 
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Figure 3.1.1 Left, Montney Maturity Map (BC Oil and Gas Commission, 2012), Septimus location is marked (black star). Top map: 

Elevation Montney calculated from formation tops in wells around the study area and Septimus field, data is referred to the mean sea level 

(MSL). Bottom map: Gas-oil ratio (GOR) estimated from the first 12 months (m3/m3). Both maps show correlation with the regional 

maturity map (Tmax) for the Montney Formation. 
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Figure 3.2.1 a and b (a) Typical GR response for the Montney Formation. (b) GR and NPHI logs with example on how GAMLS do the 

assignation of each rock type according to the log response. For our model, four distinctive log responses were identified and classified as 

different rock type. During clustering every depth-step is assigned to one or more rock types, with a percentage from 0 to 1, high percentage-

rock type indicate a higher likelihood of that depth belonging to that rock type. Depths that have two or more rock types assigned to them 

are interpreted to be mixtures of these rock types.  

a b 
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Figure 3.2.2 GAMLS model cross section result representing the vertical distribution of the 4 different rock types identified in the Montney 

Formation through our 13 wells. Also, there is the representation of the location of the three cores analyzed. The general stratigraphical 

configuration on the reservoir did not show dramatical variations on the vertical and lateral distribution of the four rock types, in 

comparison to well located more west of the field, where possibly the depositional setting of the Montney had more variations. This 

characteristic is important, though it is also matching with the variations between types of hydrocarbon reported on the wells. 
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3.3 Core log description and rock type comparison. 

Four lithofacies were described by C. Feng in cores from wells 4-11-081-21W6, 16-6-81-17W6 

and 4-9-84-22W6, summarized in this section from his work. Lithofacies 1 is a fine to coarse 

siltstone, with an array of sedimentary structures that include wavy parallel laminations, lenticular 

bedding, flow and current ripples, truncations, scour, and fill structures, and evidence of soft 

sediment deformation; Lithofacies 1 is interpreted to have been deposited in a lower shoreface 

depositional environment. Lithofacies 2 is a medium to coarse siltstone interbedded with fine to 

medium grained siltstones. This facies presents wavy parallel and lenticular bedding with soft 

sediment deformation and sporadic trace fossils; it is interpreted as deposition in an offshore 

transitional setting. Lithofacies 3 is a medium- to coarse- grained siltstone interbedded with wavy 

parallel laminated fine- to medium- grained siltstone, with lenticular bedding, wavy parallel 

laminations, scour and fill structures, current ripples, and load casts; it is interpreted as having 

been deposited in a distal position related to mass wasting processes (also knowns as slope 

movement or mass movement). Finally, Lithofacies 4, is a medium to coarse grain siltstone with 

concretions, and a distinctive set of sedimentary structures, that include wavy parallel bedding, 

rippled laminations, current ripples, climbing ripples, normal grading, with scour and fill 

structures, and concretions. This facies was deposited in a setting proximal to depositional 

environment in which mass wasting processes predominated (process by which material moves 

downslope as a solid mass under the influence of gravity, and with characteristics of a flow as in 

debris flows or mudflows) (Britannica et al., 2015). 

C. Feng observed that in the well cores, lithofacies 3 is the most abundant followed by lithofacies 

4. Lithofacies 2 is less abundant in the three wells, in particular at well 4-11-081-21W6 (Figure 

3.3.2 and Appendix 3), and lithofacies 1, was observed only in the shallowest interval of cores 16-

6-81-17W6 and 4-9-84-22W6 and was completely absent in 4-11-081-21W6. 

GAMLS output for these wells was compared to facies descriptions from the cores. No clear 

correspondence between facies and rock types identified by GAMLS could be established, 

although as noted below in section 3.6, the rock types distinguished by the GAMLS analysis do 

vary in terms of terms of fabric (lamination and grain sizes). The absence of a strong relationship 

between facies and rock types may be related to the strong diagenetic overprint on the Montney 

Formation that tends to have the more significant impact on rock properties (Vaisblat, 2020). In 
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addition, facies and log data are recorded at different scale: cm-scale or finer in terms of facies 

records but tens of cm up to a meter in terms of log records. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.2 Representative photographs of the 4 lithofacies described at well 4-11-081-21W6, 16-6-

81-17W6 and 4-9-84-22W6 (C. Feng, 2020) (L1) Lithofacies 1, fine-coarse siltstone with wavy parallel 

lamination, lenticular bedding. (L2) Lithofacies 2, medium-coarse to fine-medium siltstone with wavy 

parallel bedding. (L3) Lithofacies 3, medium-coarse- grained siltstone interlaminated with wavy 

parallel laminated fine- to medium-grained siltstone. (L4) Lithofacies 4, medium to coarse-grain 

siltstone and concretions. 

3.4 Rock composition 

- QEMSCAN (Mineralogy analysis):   

The major mineral composition of the Montney samples based on QEMSCAN analysis is depicted 

in spider plots, which represent the rock as mixtures of carbonate minerals (calcite + dolomite), 

quartz, clays (illite and illite-smectite + Fe illite and illite-smectite), K-feldspar + plagioclase, and 
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micas (Figure 3.4.1 a to d). Each spider plot represents a set of samples from one rock type, in 

which the several samples in the diagram were selected based on a >70% representation of a single 

rock type from the GAMLS analysis. 

RT 1 (Figure 3.4.1a) is characterized by the highest carbonate content, with dolomite 

concentrations (average 18 %) in excess of calcite (10%). RT 1 also has the lowest concentrations 

of major silicate minerals (quartz 26%; K-Feldspar + plagioclase 14%; clays 11%). RT 2 and 4 

have somewhat similar mineralogical compositions, but RT 2 differs from RT 4 with higher quartz 

content (37% versus 26%), higher feldspar content (21% versus 15%), and slightly lower 

carbonates and clays concentrations.  RT 3 contains the highest clay content (16%) with quartz 

(32%), feldspars (20%), and carbonates (20%). Proportions of the major minerals in RT 3 are 

subequal, in contrast to other rock types where one mineral tends to predominate (Figure 3.3.1c). 

Micas are present in low abundance (5-6% total) in all four rock types, consisting of muscovite, 

biotite, and chlorite. 

A Student T-test was applied to our mineralogical results from each rock type to assess the 

significance of mineralogical differences between groups. A dependent and paired t-test were 

applied to the most abundant minerals present in each group of samples (see Table 3.4 in Appendix 

4), using an alpha value of 0.05 (the significance level α is the probability of making the wrong 

decision when the null hypothesis is true: if values are ≥ α there is a significant difference between 

groups). For each T-test a t-value and a p-value are obtained. The t-value refers to the ratio between 

the difference between two groups and the difference within the groups. A p-value is the 

probability that the result from the sample data occurred by chance, therefore low t and p values 

support an interpretation that mineralogical differences between the groups are significant. For our 

statistical analysis, where the “p-value” ≤ α (0.05), there is no significant difference in the mean 

value between groups but if “p-value” ≥ α, then the null hypothesis is true, consequently there is a 

significant difference between groups. 

For RT 1 and RT 2, the mineralogical compositions are primarily defined by carbonates (calcite + 

dolomite), K-feldspar, plagioclase, and quartz. For this group of samples, for carbonates we 

calculate a t= 1.9 with a p-value= 0.07, for feldspars a t= 0.78 with a p-value=0.43, and for quartz 

a t=1.49 with a p-value=0.15; this means that for RT 1 and RT 2 the null hypothesis is true, namely 

that there is a significant compositional difference between the rock types in terms of feldspar and 
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quartz contents. A comparison of carbonate content between RT 1 and RT 2 yields a small p-value; 

thus, these two rock types have similar carbonate contents.  

For RT 1 and RT 3 we applied the same mineralogical composition, plus clays (illite & illite-

smectite and Fe-illite & illite-smectite) as the basis for comparison. For carbonates, we calculate 

a t=2.45 with a p-value= 0.02, for feldspars a t=1.04 with a p-value=0.31, quartz with a t=1.45 and 

a p-value=0.16, illite & illite-smectite a t=0.74 and p-value=0.47, and for Fe-illite & illite-smectite 

a t=1.30 and a p-value=0.20. RT 1 and RT 3 demonstrate a significant difference between the 

contents of for feldspars, quartz, and clays but no significant difference between these two rock 

types in terms of carbonate content.  

A comparison of RT 1 and RT 4 yielded significant differences in terms of feldspar, quartz, and 

clay (feldspars a t=1.04 with a p-value=0.39, quartz a t=1.39 with a p-value=0.18, illite & illite-

smectite a t=0.36 and a p-value=0.72, and Fe-illite & illite-smectite a t=1.33 with a p-value=0.20) 

and for carbonates a t=0.05 with a p-value=0.95. RT 1 and RT 4 p-values confirm the null 

hypothesis. 

Comparisons between RT 2 versus RT 3, yield significant differences in feldspar, quartz, and clay 

contents but no significant difference with respect to carbonate (carbonates a t=4.45 with a p-

value=0.0001, feldspars a t=1.44 with p-value=0.16, quartz a t=1.49 with p-value=0.15, illite & 

illite-smectite a t=1.29 and a p-value=0.20, and Fe-illite & illite-smectite a t=0.84 with a p-

value=0.40). Comparisons between RT 2 versus RT 4 yield significant differences for carbonates, 

feldspars, and clay but not for quartz (carbonate: t=0.52 with p-value=0.55, feldspars: t=1.04 with 

p-value=0.55, quartz: t=2.14 with p-value=0.04, illite & illite-smectite t=0.34 and a p-value=0.73, 

and Fe-illite & illite-smectite a t=1.86 with a p-value=0.07). Comparisons of RT 3 versus RT 4 

yields significant differences for quartz and clay minerals but not for carbonate and feldspar 

(carbonates: t=4.18 with p-value=0.0005, feldspars: t=1.04 with p-value=0.001, quartz: t=1.01 

with p-value=0.32, illite & illite-smectite: t=1.07 and a p-value=0.29, and Fe-illite & illite-

smectite:  t=1.66 with a p-value=0.11). 
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Figure 3.4.1 a to d. Spider plots representing main mineralogical composition (QEMSCAN analysis) 

for the 4 rock types identified. In addition to the QEMSCAN analysis, t-test analysis confirmed that 

there was no significant difference between set of samples from the same rock type but, there were 

significant differences between rock types, assuming that 4 different mineralogical composition are 

present in the Montney Formation. (a) group of samples representing main mineralogical 

composition for RT 1, (b) RT 2, (c) RT 3 and (d) RT 4.  
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3.5 Geochemistry 

-LECO TOC: 

Total organic carbon (TOC) values from LECO analysis in 32 sample ranged ~0.4 to 3.8 wt%, 

with an average of 1.67 wt% (Figure 3.5.1). Rock types identified by GAMLS analysis display 

some differences in TOC: RT 3 has the highest %TOC, with values ranging between 1.3 and 3.88 

wt (average of 2.77 wt%). TOC in RT 1 and 2 are similar, averaging ~ 1 % TOC, except for one 

sample for RT 2 with a value of 3.74 wt%. RT 4 samples represented the lowest TOC and a 

relatively narrow distribution of values. 

 

 

 

 

 

Figure 3.5.1 Plot with representative set of samples of each rock type from the three well cores 

analyzed, showing %TOC values obtained through LECO TOC. RT 3 represents the rock type with 

the highest %TOC content of all. 

-Whole rock characterization: 

Uranium, thorium, and potassium concentrations from ICP-MS analysis were examined because of their 

influence on GR logs (Fig. 3.5.2a). Potassium is concentrated in K-feldspar and some clay minerals, while 

thorium concentrations may be related to clay minerals and heavy minerals (S. Ashoori et al., 2016; Nur 

Asyraf, 2015; Nafta-Gaz, 2016). Uranium is commonly associated with organic matter in shales (S. Lüning 

and S. Kolonic, 2003; Hemmesch et al. 2014). 

RT 3 has elevated uranium concentrations (~11 ppm in average) in comparison to other rock types, 

consistent with the relatively high TOC. RT 4, RT 1 and 2 had the lower concentrations, with RT 2 having 

the lowest concentration of U (~4 ppm in average) (Figure 3.5.2b). Th and K values did not vary 
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significantly between rock types, with Th ranges from ~5 to 9 ppm and K from ~2.2 to 4.2 %. Th/K ratio 

are consistent with illite clay. 

 

 

 

 

 

 

 

 

 

Figure 3.5.2a U, Th, and K relationship for the different rock types. There were no notable variations 

in Th and K either between set of samples. RT 3 samples show distinctly elevated U (ppm) content in 

comparison to other rock types. 

 

 

 

 

Figure 3.5.2b Uranium concentrations for the different set of samples from the 4 rock types. RT 3 in 

general has the highest uranium concentrations, except for one sample (M3C_25261, red arrow). RT 

1, 2 and 4 overall showed no significant differences in the U concentrations.  
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3.6 Rock fabric: 

RT 1: RT 1, with the highest carbonate content, is a laminated to well laminated, slightly 

argillaceous dolomitic, calcareous siltstone in which the main framework grains include quartz, 

calcite, dolomite, and detrital micas in a matrix of detrital clays and organics. Framework grains 

range in size from very fine silt to very fine sand and are sub-angular to sub-rounded. Laminae are 

defined by variation in calcite and dolomite/Fe-dolomite cement and clay content (Figure 3.6.1 A). 

Thicker laminae are slightly coarser grained and well-cemented (Figure 3.6.1 B). Most of the 

intergranular volume observed in RT 1 consists of cements, micas, pyrite, and phosphate grains 

(Figure 3.6.1 B to D). RT 1 shows modest carbonate dissolution, mainly of dolomite (Figure 3.6.1 

C and D), creating some of the intraparticle porosity, distinctive in RT 1. 

Figure 3.6.1 A to D. (a) Well defined laminae, which are distinguishable with the increase of clay 

layers; (b) “cleaner” intervals are coarser- grained and well cemented (yellow outlines delimit thicker 

laminae which are coarser and well cemented by calcite and/or Fe-dol/dol). (c and d) carbonates are 

dominant RT 1 and as a result the amount of calcite, Do/Fe-dol cements are abundant. 
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RT 2: RT 2, with the highest quartz content of the rock types, is a laminated to faintly laminated, 

slightly argillaceous dolomitic siltstone. The detrital framework consists largely of abundant very 

fine silt to very fine sand sized grains, which include quartz, plagioclase, and dolomite, and in 

lesser amounts K-feldspar, calcite, detrital micas and dolomite. It is well- to moderately- sorted, 

with angular, sub-angular, and sub-rounded grains.  The fabric is mostly grain -supported and in 

some intervals detrital clays and organics are evident. In some RT 2 samples, the contacts between 

laminae are well defined and sharp. Grains and laminae are well cemented by quartz and, to a 

lesser extent, by calcite and dolomite/Fe-dolomite (Figure 3.6.2 A and D). Quartz overgrowths, 

pyrite replacement cements, and framboidal pyrite, are also consistently present in this rock type. 

 

 

Figure 3.6.2 A to D. (a to c): faintly to more massive appearance; RT 2 is the “cleaner” rock type 

from all, which refers to the low clay content. (b) Matrix is mainly grain supported but at some 

intervals detrital clays and organics occlude some of the pore space available. (c) Fe-

dolomite/dolomite cement are common for RT 2 and in lesser amounts calcite cement. Quartz 

overgrowths and micas are present.  (d) Petrographic thin section showing some intraparticle 
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porosity, consistent in dolomite grains. Most of the organic matter for RT 2 is present as solid 

bitumen. 

RT 3: RT 3, with the highest clay content of the rock types, is a faintly laminated to massive, 

slightly argillaceous siltstone. Framework grains include quartz, and in lesser proportion, 

plagioclase, K-feldspar, and micas and are very fine silt to very fine sand sized (finer- grained than 

the other 3 rock types) and moderately sorted. Detrital matrix clays and organics are observed 

infilling most of the interstitial volume, leaving almost no primary pore space; most of the porosity 

was observed in organic matter. Where present, laminae are usually graded from silt to sand size 

grains, cemented by Fe-dolomite and in lesser amounts calcite, and increasing upwards in clay 

content (Figure 3.6.3 A and B). Calcite and dolomite/Fe-dolomite cements were observed (Figure 

3.6.3 D). Framboidal pyrite and pyrite replacement are also noted, along with quartz “patches” and 

quartz overgrowths (Figure 3.6.3 C and D). 

RT 4: RT 4 is a well-laminated to laminated, slightly argillaceous, dolomitic, calcareous siltstone. 

Framework grains consist mainly of angular, sub-angular, and sub-rounded fine silt to very fine 

sand (Figure 3.6.4 B), primarily K-feldspar and quartz, and in less proportion plagioclase and 

dolomite. It is compositionally similar to RT 2 but contains a higher amount of detrital clays and 

organics than RT 2, which fill much of the available pore space. In most samples, the laminae are 

graded, defined primarily by grain size, cement, and clays (Figure 3.6.4 A). Basal surfaces are 

sharp and individual laminae are typically coarse, well- cemented, and show some macroporosity 

between grains. The dominant cement type is dolomite/Fe-dolomite (Figure 3.6.4 B, C). 

Framboidal pyrite, pyrite replacement and micas are consistently present in this rock type; micas 

such as chlorite, are deformed by grains of pyrite or phosphate enhancing interparticle porosity 

(Figure 3.6.6 D, E, F). 
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Figure 3.6.3 A to F. (a/e) SEM images of a representative sample of RT 3. Detrital silt/clay matrix is 

interstitial to framework grains, which include quartz and in less amount dolomite. (b/f)) Through 

petrographic thin sections the same behavior was observed, high detrital clay concentrations, 

organics, and Ca and dolomite/Fe-dolomite cement infilled pore space. (c/d) Quartz “patches” as 

horizontal bioturbated laminae cemented by quartz were distinctive features in RT  3. 
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Figure 3.6.4 A to F. (A) Thin section for RT 4, laminae are well defined by grain sizes and amount of 

clays. At some intervals, the contact between laminae is sharp and limited by some bioturbation? (B) 

and (C) Samples with less clay and organics content showed interparticle space cemented by Do/Fe-

dol cement. (D/E/F) Through SEM RT 4 showed a major presence of pyrite substitution, either in 

grains, framboids or laminae, as for phosphates, both enhancing RT 4 pore space. Detrital clays also 

infill most of the pore space available. 
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3.7 Pore distribution and morphology 

Through SEM images we were able to identify the different types of pores based on their size, and 

shape. Samples of the different rock types in the Montney Formation show that most of the pores 

present are classified as mesopores (d~3.5-48.8 nm) and in lesser amounts macropores (d>50 to 

~570 nm). We also follow Loucks et al (2012) classification scheme for pores, and, based on SEM 

images, recognize: organic-matter pores, interparticle pores (interparticle pore between mineral 

particles), and intraparticle pores (intraparticle pores within mineral particles) (Figure 3.8A to C). 

In RT 1, 2 and 4, interparticle pores are the most abundant pore types followed by intraparticle 

pores and in lesser amounts organic-matter pores. Interparticle pores between grains and clay 

plates and intraparticle pores are micron to submicron scale macropores. These macropores and 

mesopores observed in our samples are present in the organic matter aggregates filling micron 

scale macropores (Figure 3.8D).  

Most of the intraparticle pores observed in our samples were associated with dolomite, calcite, and 

quartz grain, locally with organic matter, and within pyrite framboids (Figure 3.8B and G). This 

type was consistently present in RT 1 but is also represented in RT 2 and RT 4. In RT 2, the 

dominant pore type is interparticle, observed to occur between quartz grains and/or K-feldspar 

grains. RT 2, in contrast to the other three rock types, organic matter was observed as solid 

bitumen, which either “coats” grains or as bridges-pores material, leading to some connectivity 

between pores. 

Pores in RT 3, in contrast to RT 1, 2 and 4, are mainly organic-matter pores (micropore size) 

(Figure 3.8 C and G). Almost no interparticle and intraparticle pores are present as SEM 

observations showed that this RT is highly occluded with detrital grains (quartz, dolomite, and K-

feldspar), detrital clays, and organic matter. 

RT 4 samples display interparticle, intraparticle, and organic matter-pores. Interparticle pores were 

observed between detrital grains (mainly quartz, and K-feldspar), in lesser amounts between 

detrital clay particles, and between detrital grains and organic matter (Figure 3.8F), and in some 

intervals, interparticle space occurred between these grains, micas, and phosphate grains. 

Intraparticle pores in RT 4 were observed in K-feldspar, quartz, and phosphate grains, and in lesser 

amounts dolomite and calcite grains. 
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The three different pore types observed in our samples vary substantially in terms of size and 

shape. Organic-matter pores are the smallest pores observed through SEM and are represented by 

a simple shape spherical form. Interparticle and intraparticle pores are between ~4 to 7 times larger 

than organic-matter pores (Figure 3.8F and E). These pores have a much more complex pore shape 

that depends on the detrital grains and the matrix composition.  

SEM images show that some of the pores occur mostly with wide bodies and narrow necks, as 

open-wedge pores, and slit-shape or parallel-plate pore types, consistent with BET analysis (Fig. 

3.7 a to e; Fig. 3.9.6; Fig. 3.8F). 

 

 

 

 

 

Figure 3.7 a to e SEM images of representative pore shapes observed in RT 1, RT 2, and RT 4. As 

our BET analysis, pores with narrow necks, wide bodies, and open-wedge pores were observable. No 

slit-shape or parallel-plate cracks were identified through SEM analysis. 
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Figure 3.8 A to E. Representative SEM images of the different pore types and sizes present in the 

four rock types. (a and b) Interparticle pores were observed between detrital grains characteristic of 

each rock type, between OM and/or detrital clays. Most of the pores were macropore sizes and this 

type of pores are more common for RT 1, 2 and 4 and in less amount in RT 3. (b) Representative 

image of intrapore, this type of pores are present in detrital calcite, dolomite, and quartz grains. RT 

1 with a major carbonate composition is characterize with these type of pores. (c) Representative 

SEM image for organic matter pore, these type of pores were observed in our four rock types, but 

RT 3 is defined with a major presence of this type of pores. (d) Interparticle pore space (macropore) 

infilled by detrital grains and organic matter, with also some organic matter pores.  (e) Intrapore 

space was also observed in pyrite framboids, infilled with organic matter and/or detrital clays. (f and 
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g) Comparison between interparticle pores (left) and organic matter pores (right). Organic matter 

pores are the smallest and are represented by a simple shape form, in comparison to the more 

complex interparticle pores. 

3.8 Petrophysical properties: 

-Porosity: helium porosity and macroporosity analysis. 

Helium porosity measurements were made on from 12 oil well core plugs (Figure 3.8.1a) and 12 

gas well core plugs (Figure 3.9.1b).  Helium porosity and macroporosity estimated from 

QEMSCAN analysis was subsequently compared. Porosity values from helium pycnometry range 

from 0.1 to 6.7%. RT 2 reported the highest porosities, with ranges from (1 to ~7 %), followed by 

RT 1 with porosities from (~1 to ~6%). RT 3 and RT 4 on the contrary, are rock types with lower 

porosities being RT 3 ranges from (0.1 to ~2%) and RT 4 ranges from (~1 to ~3%). 

Porosity reported from QEMSCAN analysis identifies pores with a minimum diameter of 2 to <10 

µm, which here is termed macroporosity.  Macroporosity values vary between 0.05 to ~9%, RT 3 

is the rock type with the highest macroporosity from ~4 to 9%, followed by RT 2 from ~2 to 8.5%.  

RT 1 reported macroporosity values of 0.05 to ~4% and RT 4 being the rock type with lowest 

microporosities, reported values of ~0.4 to 2.6%.  

RT 2 has a strong positive correlation (R2= 0.9) between helium porosity versus macroporosity, 

followed by RT 1 with a strong positive R2= 0.8 between He-porosity and macroporosity. For RT 

3 and RT 4 a strong positive correlation between porosities (R2= 0.7 and 0.6, respectively) was 

observed. RT 3 helium porosities reported the lowest values, while for macroporosity reported the 

highest values.  This could refer that for RT 3 a large fraction of the pores in the samples consist 

of macropores (pores >2), rather than micropores, while for RT 4 this characteristic was inverted, 

major evidence of micropores rather than macropores.  

There is also systematic variation in porosity between the oil well and the gas well samples (Figure 

3.9.2). Each rock type in the oil well is represented by significant lower porosities (between 1 to 

~3 units of difference) in relationship with the data obtain for the gas well. 
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Figure 3.9.1 Matrix He-porosity (%) versus macroporosity (%) values (QEMSCAN) for the four rock 

types. RT 3 helium porosity is consistently higher than porosity measured through QEMSCAN 

analysis, which indicates that a large fraction of the pores in RT 3 consist of micropores, smaller than 

2 µm. 

 

 

 

 

 

 

 

 

 

Figure 3.9.2 Relationship between porosities estimated for the four rock types in the oil well (green) 

vs porosities estimated for the 4 RTs in the gas well (red). RTs in the oil well show significantly lower 

values in comparison to the same rock type in the gas well. 
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- Permeability 

RT 1 samples on average, have the highest range of permeability, from ~100 nd to ~190 nd. RT 3 

samples have somewhat lower permeability, with values of ~80 nd to ~230 nd, except for one 

sample with 9 nd from the gas well producer.  RT 2 and RT 4 are less permeable, with ranges of 

~30 nd to ~190 nd for RT 2, while RT 4 has the lowest permeabilities, from 20 nd to 70 nd. 

Permeability ranges from samples in the oil well represent significantly higher values in 

comparison to samples from the gas well, which are represented by lower permeabilities overall 

(Figure 3.9.3). Permeability measurements within a single rock type group show significant 

variations in samples from the oil well, but more consistency in samples from the gas well (Figure 

3.9.4). 

 

 

 

 

 

Figure 3.9.3 Cross-plot with representative rock type samples from the oil well (green) and the gas 

well (red). In general, the differences between permeabilities observed through pulse decay were 

mainly observed in the type of fluid present in the formation (oil/gas) rather than between rock types. 

 

 

 

 

 

 

Figure 3.9.4 Histogram with plug permeability values from the four rock types. Samples from the oil 

well are marked in green and samples from the gas well are marked in red. RT 1 and RT 3 in both 
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wells are represented by the higher permeability values, while RT 2 and RT 4 are represented by 

lower permeability values overall. 

- Mercury Injection and BET analysis. 

RT 1 and RT 2 are characterized by relatively large pore throat diameters, as measured by MICP 

experiments (Figure 3.9.5). RT 1 pore throat diameters range from 0.02 nm to 17.9 nm with a 

median pore throat diameter of 10.7 nm. RT 2 pore throat diameters range from 9.5 nm to 23.3 nm 

with a median of 7.8 nm, with a wider range of pore throat diameters in comparison to the other 

rock types. RT 3 and RT 4 are characterized by smaller pore throat diameters. RT 3 pore throat 

diameters range from 0.01nm to 12 nm (Figure 3.9.5 C) with a median pore throat diameter of 5.9 

nm. RT 4, values ranged from 6.2 nm to 10.4 nm with a median value of 5.8 nm.  

BET analysis shows that RT 2 has the largest average pore diameter 18 nm. RT 1 and RT 4 show 

similar values for pore diameter, with an average pore radius of ~16 nm. RT 3 samples have the 

smallest average pore diameter 9.2 nm. Thus, RT 3 samples have both small pore diameters and 

small pore throat diameters. RT4 samples, however, have small pore throats but pore diameters 

that are comparable to RT 1 and RT 2. 

Three representative hysteresis loops are characteristic of the four rock types based on BET 

analysis (Figure 3.9.6 A to D). The forms of each hysteresis loop can be classified into Types A, 

B, and C, following the terminology of Zhang et al. (2016). Type A was typical of RT 1 and RT 

4; this type is characterized by straight loops, corresponding to pores with narrow necks and wide 

bodies. RT 2 displayed Type C loops that are associated with open-wedge pores. RT 3 displays 

Type B loops, indicating a variety of pore types and pore throat diameters, typically related to slit-

shape pores type and/or parallel -plate cracks (Cao and Li et al., 2016; Zhang et al., 2016). 
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Figure 3.9.5 MICP curves representing the 4 different pore throat diameter distribution vs the intrusion pore volume related to each rock 

types identified. RT 2, with less carbonates and clay content than other rock types, has the bigger pore throats. This contrasts with RT 3 

and 4 that contain higher amounts of clays and organics, whose pore throats sizes are smaller.  
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Figure 3.9.6 Representative adsorption-desorption isotherms for each of the four rock types 

identified. From hysteresis loops, we suggested that 3 main form types where consistent; Type A, 

Type B and Type C (Y Zhang et al., 2016). 
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Chapter 4 - Discussions 

4.1 Mineralogical composition 

-Variations between the rock types 

Rock fabric and mineralogy are important controls on pore systems in unconventional reservoirs 

and thus influence fluid flow (Vishkai et al., 2018; Clarkson et al., 2012; Gan et al., 1972; Loucks 

et al., 2009, 2012; Nelson, 2009). More specifically, the abundance, shape and size of pores 

depends on grain size and sorting, the degree and type of cementation, and the nature of organic 

matter emplacement (Nelson et al., 2015). An understanding of mineralogical composition and its 

variation between rock types is a fundamental element of this research. 

The dominant lithology in the Montney Formation in the Septimus reservoir is a shaly siltstone 

with large quartz concentrations and subordinate amounts of carbonate minerals (calcite and 

dolomite), K-feldspar + plagioclase, and clays (illite, mixed layer illite - smectite and interstratified 

Fe-illite - illite - smectite). These minerals are present through the entire Montney interval, 

although their proportions vary between rock types (Figure 4.1.1).  

The differences between these four rock types mainly refers to the mineralogical proportion (%) 

of K-feldspar + plagioclase, quartz, and clays. For carbonates these proportion were not significant 

except between RT 4 versus RT 1 and RT 2. In summary, RT 1 is classified as the rock type with 

the highest carbonate content, RT 2 the rock type with lowest clay content and with a major 

feldspar composition, and RT 3 as the rock type with a major clay composition. RT 4 showed no 

distinctly elevated contents of any particular mineral but was statistically distinctive from the other 

three rock types. 
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Figure 4.1.1 Average mineral composition (%) for each rock type; quartz being the most abundant, 

followed by carbonates and feldspars. On the top right, representative grain sizes (from QEMSCAN 

analysis) distribution from well 100/04-09-084-22W6/00. 

- Detrital composition versus diagenetic alteration. 

Diagenesis refers to the physical and chemical processes that affect sedimentary rocks after and in 

between their deposition and weathering. Present-day mineralogy of the Montney Formation 

reflects a depositional composition that was subjected to diagenetic alteration (Krause et al., 2012, 

Wust et al., 2016, Vaisblat et al., 2021).  

The Montney Formation was deposited under acidic and reducing conditions, and under these 

conditions, oceanic water tends to have high alkaline elements concentrations such as sodium, 

potassium, and calcium, and in less amount magnesium and iron (Tribovillard et al., 2006; 

Caracciolo et al., 2014; Vaisblat, 2020). Previous studies of the Montney Formation concluded 

that this supersaturated water flowed through a pre-existing open network of pores, possibly driven 

by reflux from shallow water lagoons (Vaisblat et al., 2021), leading to precipitation of abundant 

cement at relatively shallow burial depths.  

Compositional differences between the four rock types can be attributed to two main factors, one 

related to the depositional setting, and the other related to diagenetic alteration.  RT 1 and 4 are 

similar in fabric and texture, characterized by a relatively large amount of silt-size grains, well to 
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moderately sorted, sub-rounded to rounded, with a relative lower amount of clays; in RT 3 and RT 

2, on the contrary, the amount of sand-size grains is greater, both rock types are moderately sorted, 

with angular, sub-angular, and sub-rounded grains, and RT 3 has higher amount of clays than RT 

2 (Figure 4.1.2).  

RT 2 is primarily present in the Upper Montney interval (Figure 3.2.2) and can therefore be 

associated with the last stage of deposition, where the Montney Formation comprised sediments 

deposited in a storm-dominated shoreface and offshore transition (Seifer et al., 2015; Feng, 2021). 

RT 1, 3 and 4 can be found stratigraphically and laterally through the entire Montney interval and 

are more associated with the complex turbidite channels associated with the Lower Montney 

Formation in the Peace River Arch region of northwest of Alberta and Northeast British Colombia 

(Sereda et al., 2017; Zonneveld et al., 2011). 

 

 

 

 

 

 

 

 

 

Figure 4.1.2 Ternary diagram representing the main grain size distribution for each of the four rock 

types. The data represented is the average of each RT from the 3 well cores analyzed. 

Diagenetic modification of the original sediment is the second factor responsible for compositional 

variability. Diagenesis also modified original porosity through mechanical compaction, 

cementation, dissolution, and replacement (Vaisblat et al., 2021). Paragenetic sequences differ 

between rock types, particularly between RT 2 and the other rock types. In Septimus samples, 

diagenetic features include minor to moderate compaction, early phosphate formations, and early 
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pyrite precipitation, carbonate and quartz cements, late pyrite precipitation, dissolution of grains 

(carbonate, feldspars, and quartz), and cements, and emplaced hydrocarbon. 

- Paragenetic sequence 

Following a classification by Vaisblat (2021), we grouped diagenetic processes into (1) early 

diagenesis, taking place while pore waters communicated with the ocean, (2) shallow burial 

diagenesis, taking place within a few hundred meters of the surface, (3) late diagenesis, during 

deeper burial or subsequent uplift. The summary of the diagenesis processes is presented in Table 

4.1. 

o Early diagenesis and shallow burial diagenesis  

The phosphatization of bioclasts, growth of phosphatic nodules and formation of grain coats are 

the main diagenetic processes included in the early diagenesis stage (Figure a to b 4.1.3 and 4.1.5 

c and d). Following burial, mechanical compaction and cementation, which are controlled by the 

sediment composition, these are the principle features that influence primary porosity. It was 

during this shallow stage when the framework became slightly compacted as the interstitial water 

in the formation was expelled due to compaction. Clays and cementation by carbonate minerals 

during this stage, play a significant role as both prevented excessive compaction, but at the same 

time infilled primary porosity, reducing both porosity and permeability of sediments (Revil et al., 

2002; J. Lai et al., 2016; Vaisblat et al., 2021). 

Clays in the Montney Formation are dispersed within a matrix of hard grains and are primarily 

present in RT 3 and RT 4. QEMSCAN analysis showed that the major clay present is a detrital 

MLIS, consisting primarily of illite (90-95%) and with a minor smectite component (~5%), 

confirming Vaisblat et al.’s (2021) analysis from measurement of clay expandability.  Most of the 

detrital clays were altered from smectite to illite-rich compositions at an early diagenetic stage 

during shallow burial.  Previous studies (Vaisblat, 2020; Edwards et al., 1994; Zonneveld and 

Moslow, 2014, 2018; Vaisblat, 2021) reported a significant amount of swelling clays only at the 

northeastern margin of the formation, related to the Ring-Border and Dixonville deltas as a source 

of sediment. The distribution of these swelling clays near and at the same burial depth as non-

swelling MLIS clays suggests that a low temperature reaction (60-80 °C) for an extended period 
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of time and under relatively shallow burial conditions (high porosity and high permeability) was 

responsible for illitization of the MLIS (Moore, 2000; Vaisblat et al., 2021). 

Reducing conditions and precipitation of iron-rich diagenetic minerals such as pyrite, ferroan 

carbonates and chlorite are typical during early burial diagenesis. Numerous studies of modern 

marine and nonmarine sediments demonstrate that framboidal pyrite typically forms within the 

water column of a euxinic water column or in the first few centimeters of sediment below the 

sediment-water interface, due to the bacterial interaction between H2S produced by the organic 

matter present and these iron-rich ferroan minerals in the sediment; shortly after burial (Wilken et 

al., 1996; Love et al., 1983). Therefore, the well-formed framboid pyrite observed throughout the 

Montney Formation in our samples (Figure 4.1.4a to c and 4.1.7a to c) indicate that pyrite 

precipitated in early stages. 

Carbonate cements are common in the Montney Formation, and the petrographic evidence 

presented here (Figure 4.1.5a to c) indicates that it occurs both as non-ferroan and ferroan phases. 

The early carbonate cement is primarily a non-ferroan calcite (syn-depositional), which plugs 

primary porosity and replaces feldspar grains. Small amounts of ferroan calcite cement also 

precipitated during this early stage. This ferroan calcite fills remnant porosity and replaces detrital 

clay (Figure 4.1.5a and b). Also early in the shallow diagenetic history, the introduction of 

magnesium-rich formation water into the sediments caused selective dolomitization of the siltstone 

(Machel, 2004; Vaisblat et al., 2021). Subhedral to euhedral dolomite rhombs are present, 

occluding intergranular porosity and replacing or displacing detrital matrix, framework grains and 

early-stage calcite cement (Figure 4.1.5c). 

Two generations of quartz cement are present in lesser amount than the carbonate cements and 

have been attributed to several possible internal sources of silica (Vaisblat et al., 2021). Our SEM 

and petrographic observations support Vaisblat’s interpretation that some of the silica was 

provided from the silt-size quartz grains (in less amount) and from biogenic silica, including silica 

nanospheres that resulted from bacterial activity (Al Rajaibi et al., 2015; Milliken and Olson, 2017; 

Dong and Harris, 2020) (Figure 4.1.6b). Studies of the Montney Formation, particularly in Alberta, 

have suggested that biogenic silica is an important source in at least two intervals within the 

Montney (Wust et al., 2018).  
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Another source of quartz cement is pressure solution. Pressure solution is considered to be a major 

source of quartz cement in sandstones and generally is associated with high temperatures during 

deep burial (Bloch et al., 2002). Makowitz and Milliken (2003) suggested that, in fine grained 

sediments, fractures in quartz grains, enhance dissolution through pressure solution, and because 

microfractures in grains can develop in any effective stress, pressure solution under shallow burial 

conditions, is a viable source of quartz cement in the Montney (Figure 4.1.6c) (Makowitz and 

Milliken, 2003; Vaisblat, 2020). 

o Late diagenesis  

In the Montney Formation, black organic matter observed in SEM and petrographic thin sections, 

is mostly solid bitumen largely incorporated into the detrital clay matrix (Figure 4.1.5 A to D). 

Previous studies suggested that organic matter present in these siltstones formed from oil that 

migrated into the formation, presumably sourced from the Doig Formation or the Gordondale 

Member of the Fernie Formation (farther east the basin) (Riediger et al., 1990). The oil was altered 

extensively, possibly by thermal cracking (Sanei et al., 2015), leaving what presently observed as 

a solid bitumen. Further burial, under the presence of undersaturated pore fluid, and possibly due 

to the leaching reactions induced by the CO2 and hydrocarbon degradation, less stable framework 

grains such as feldspar, and dolomite, were subjected to partial dissolution (Figure 4.1.5c to e and 

4.1.6a) (Surdam and Crossey, 1989; Yuan et al., 2015).  

We lack quantitative data to assess the degree of cement development at this stage, furthermore, 

the occurrence of fibrous illite in all intervals of the Montney Formation makes difficult to 

determine if this late dissolution took place prior/after or contemporaneously to the precipitation 

of these clays; therefore the late fibrous illite is represented as the last diagenetic event at this 

location. 
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Table 4.1 Paragenetic sequence for the Montney Formation in Septimus. 

 

 

 

 

 

 

 

 

Figure 4.1.3 Representative SEM images of phosphate present in rock types. Phosphate occurs as (c) 

grain coatings, and/or (a and b) pore filling cement. Dissolution on phosphates was also present. 

Figure 4.1.4 Pyrite. Samples from the four rock types showed through SEM images evidence of pyrite 

all along the Montney Formation. Pyrite occurs in a range of forms, (a) euhedral crystals, pyrite 

framboids, and as cement. (b) Pyrite framboids occludes interparticle pore space between detrital 

grains, clays, and/or OM. (c) Pyrite and phosphate grains are present between sheets of micas as well. 
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Figure 4.1.5 Petrographic thin sections of carbonate minerals. (a) Fe-dolomite/dolomite cements 

infilling remanent porosity and replacing detrital clay matrix. (b) carbonates occur as ferroan and 

non-ferroan phase (c) Subhedral to euhedral Fe-dolomite/dolomite rhombs replacing early calcite 

cement as some framework grains. (d and e) EDS and SEM image of an early stage of phosphates 

and pyrite replacement on a carbonate grain.  

Figure 4.1.6 a to c Evidences of the different sources for the mixture of quartz in the Montney 

Formation. (a) SEM image of detrital quartz grain (possible dissolution). (b) SEM image of silica 

nanospheres. (c) SEM image showing pressure solution between detrital quartz grains. 
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Figure 4.1.7 A to D. Evidence of organic matter present as a solid bitumen and mostly mixed with the 

detrital clay matrix, detrital grains, and pyrite replacement in the four rock types. 

4.2 Rock typing (log expression) and rock types 

- Log characteristics and mineralogical relationship 

The distinctive log responses that characterize our model and lead to the definition of four rock 

types can be related to mineralogical and TOC contents of the Montney Formation. RT 1 is 

distinguished by the lowest GR and NPHI, and relatively high RHOB values. These observations 

can be related to the higher presence of carbonates in comparison to K-feldspar + plagioclase, and 

low clay content (discussed in 3.1 and 3.4). RT 4 log’s signature, highest NPHI and RHOB, and 

low GR can be explained by the higher presence of quartz content, lower %TOC, and higher clay 

content than RT 1. 

RT 3 is distinguished in terms of log characteristics by the lowest RHOB, relatively high GR, and 

relatively low NPHI, related to the high clay content, and high %TOC. Finally, RT 2 is recognized 

on logs by the highest GR, high NPHI and relatively low RHOB peaks, related to the high amounts 
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of K-feldspar compared to the other rock types, relative low concentrations of TOC, and very low 

clay concentrations (cleanest rock type of all).  

This analysis shows that rock types (with distinctive mineralogical compositions) can be mapped 

with confidence across Septimus field. To the extent that pore systems and petrophysical properties 

can be associated with rock types, discussed in the following sections, rock typing from logs can 

also be used to map petrophysical properties at a field scale.   

4.3 Pore systems 

- Morphology and distribution of pores. 

Pore systems can be classified by petrographic evidence; in this case, we follow the classification 

by Loucks et al. (2012), who considers interparticle pores, intraparticle pores, pores in organic 

matter, and fracture pores. Because fracture pores rarely comprise a significant fraction of the pore 

space, pore systems are commonly represented on ternary diagrams in which the apices are the 

first three pore types. Petrographic and SEM examination of the Montney samples from Septimus 

field indicates that interparticle and intraparticle pores are the most abundant with subordinate 

organic-matter pores. 

The distribution, and morphology of pores can provide information about their genesis and 

development (Jiao et al., 2014). Thermal maturity and OM composition are some of the factors 

involved with the development of pores (Curtis et al., 2012; Milliken et al., 2013). Interparticle 

and intraparticle pores are typical in shales and mudrocks at shallow to intermediate burial stages, 

and at low thermal maturities (Dong et al., 2019). At thermal maturity stages equivalent to 

hydrocarbon-generation window, under deep burial stages, organic matter pores are highly 

developed (Jiao et al., 2014; Loucks et al., 2012; Dong et al., 2019). As hydrocarbon is generated 

from organic matter, these pores can expand and merge (Loucks et al., 2009, 2012). 

A comparison of cores in this study shows that samples from the oil producer display fewer organic 

matter pores than samples from the gas producers. Therefore we conclude that the morphology 

and distribution of this complex pore network system has been influenced by the rock composition 

(mineralogy) and organic carbon content. 
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- Porosity and permeability relationship.   

Analyzed He-porosity values from plugs ranged from 0.5 % to 6.7 % with a median average of 2.8 

%. Porosities differ not only between rock types, but also significant differences in the porosities 

were observed from the oil well versus the gas well. We observed that plugs from the oil producer 

generally have lower porosities in comparison to the gas core plugs (between 1 to 2 units of 

difference) (Figure 4.3.1). 

Plug permeabilities for the four rock types generally vary over a small range from ~50 nd up to 

~150 nd in average, but significant differences in permeability in samples from a specific rock 

type are evident depending on whether gas or oil is produced. Permeabilities for the plugs from 

the oil producer were slightly higher than permeabilities estimated in the gas producer (Figure 

4.3.2). 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.1 Porosity values obtain from plugs from the oil producer (upper) and gas producer 

(lower) representing each set of samples for the four rock types described. Overall, RT 3 and RT 4 

are rock types with the lowest porosity values. 
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Figure 4.3.2 Permeability values obtain from the oil and gas wells in core plugs representing each set 

of samples for the four rock types described. Figures with unfilled symbols represent samples 

analyzed at the gas producer. Overall permeability in same rock type showed slight variation between 

gas and oil producers, with samples from the oil producer exhibiting higher permeabilities. 

Compositional variables (mineralogy, TOC) generally show little relationship to porosity and 

permeability, at least when considered individually. He-porosity was unrelated to mineralogical 

composition (Figures 4.3.4a except Fig. 4.3.4b and Appendix 5), except to note that samples with 

less than 10% clay had porosities above ~4.5%. In a study of mudstones, Yang and Aplin (2010) 

observed a systematic control of both porosity and permeability by clay content, in contrast to our 

observations here in which clays has no clear influence on porosity- or permeability relationship. 

The lack of a relationship in our dataset may result from the relatively limited range of clay content 

present in the Montney in comparison to the Yang and Aplin (2010) dataset. 
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Rock type analysis successfully differentiates petrophysical properties of samples. Since rock 

types are differentiated by composition and fabric, this analysis suggests that a mineral assemblage 

– rather than individual minerals – influences porosity reduction. RT 2 mineral assemblage 

consists of very fine sand-size grains with a component of fine silt grains. RT 2 samples are grain 

supported, cemented by Fe-dolomite/dolomite and in less amount Ca cement, with less clays and 

organic matter occluding the pore space compared to the rest of rock types.  RT 1 and RT 4 differ 

from RT 1 and RT 3 in terms of mineral assemblage, fabric, and TOC. These two rock types 

contain predominantly fine silt grains with a component of very fine sand-size grains. RT 1 

samples are either grain-supported, cemented by Fe-dolomite/dolomite and Ca cements, or 

cemented by clays and organic matter, whereas for RT 4, grains are supported by a matrix that is 

pervasively occluded with detrital grains, clays and organics and in less amount Fe-

dolomite/dolomite cement. 

RT 3 assemblage differs from the rest as this rock type the proportion of fine silt grains and very 

fine sand-size grains is almost 50/50 and which are supported by a matrix pervasively occluded 

with detrital grains, clays and organic matter leaving almost non-visible pore space. Therefore, 

mineral assemblage, fabric, and TOC (somehow) for our rock types does influence in the porosity 

loss, RT 1 and RT 2 representing rock types with relatively higher porosities (with a ~1:1 ratio 

between macroporosity vs He-porosity) whereas RT 3 and RT 4 represent rock types with lower 

porosity values (Fig. 4.3.1).   

  

 

 

Figure 4.3.4 He-porosity vs permeability relationship. (A) Samples are classified according to their 

quartz % content, though quartz concentrations for most of our samples was >30% (72% of 

samples), no clear relationship between porosity vs permeability was observed. (B) shows the 
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association between clay content and porosity (44% of the samples with total clays 5-10%), dots in 

red represents RT 3 and RT 4 samples with total clays > 10 % and having values in the ranges of 

~0.4-3 % porosity. 

- TOC/bitumen saturation (Sb) control on porosity 

We convert TOC to bitumen saturation, following Wood and Sanei et al. (2015), who calculated 

the bitumen saturation in the Montney as a function of %TOC (wt) and porosity (%) (equation 2). 

Applying this to our data, we observe that samples with an Sb>0.3 typically have lower porosities 

in comparison to rock types with a lower Sb value (Figure 4.3.5a). 

𝑺𝒃 =
%𝑻𝑶𝑪

%𝑻𝑶𝑪 + % 𝜱
… (𝟐) 

Where: 

• Sb= Bitumen saturation  

• %TOC = LECO TOC 

• % Φ = porosity calculated through grain size and bulk density 

 

 

 

Figure 4.3.5 (a) He-porosity (%) vs permeability (nd) plot associated to bitumen saturation, we 

identify that though there is no clear positive or negative relationship between these two properties, 

bitumen saturation influence porosity for the different rock types. (b) Porosity (%) vs M.P.D. (nm) 

associated to bitumen saturation. 
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Moreover we observed a strong positive relationship (R2=0.7) between porosity versus the median 

pore diameter, (Figure 4.3.5b), in which samples with high He-porosity and M.P.D. are associated 

with elevated bitumen saturations. This is also shown in Figure 4.3.6. as a negative relationship 

(R2=0.5) between the bitumen saturation and the median pore diameter (Figure 4.3.6). These 

relationships suggest that matrix permeability is being controlled predominantly by the pore throat 

size, rather than porosity (Wood et al., 2015, Akai et al 2018, Vaisblat et al., 2020) and, in turn, 

by bitumen saturation. 

 

Figure 4.3.6 Cross-plot of bitumen 

saturation vs median pore diameter. Rock 

types in general show a strong negative 

relationship R2=0.5. This confirms that 

most of the organic matter present 

occludes the pore network in the 

formation. 

 

 

Consequently, examination of Figures 4.3.3, 4.3.4 (a and b), and 4.3.5 (a and b) suggest then that 

porosity for the four rock types in the Montney is influenced somehow by the mineralogy (mineral 

assemblage and fabric), clay content, and TOC; being the bitumen saturation the parameter with a 

major impact in the porosity of the rock types. 

- Rock types control on permeability 

Rock type analysis successfully differentiated permeability. RT 1 and RT 3 overall were the rock 

types with the higher permeability values, while RT 2 and RT 4 had lower permeabilities (Figure 

4.3.2). Unlike conventional reservoirs in which permeability is in part a function of porosity 

(following the Kozeny-Carmen relationship), no clear relationship between porosity and 

permeability is evident in our data set (Figure. 4.3.4). 

Permeability is weakly related to major mineral constituents (carbonates, quartz, feldspars, and 

clays). We identify a relatively small positive relationship between permeability and carbonate 
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content, and a small negative relationship between permeability and the clay content (MLIS 

content) (Figure 4.3.7 a and b). No relationship was evident between permeability and feldspars 

and quartz content. These associations are important because hard mineral content (quartz and 

carbonates) tends to retard compaction, and clay content tends to promote compaction, which is 

effective at reducing porosity and permeability in shales and siltstones.  

Permeability overall reflects the interconnection between pores and depends on the abundance and 

distribution of cements and detrital matrix. Based on the pore network system at the study location, 

we observed that permeabilities in the rock types are reduced by diagenetic chemical reactions 

rather than by compaction, therefore the permeability reduction can be related mainly to the 

precipitation of theses cements (described in this study - carbonates predominantly and in less 

proportion quartz cement), microporous illite, as the presence of the solid bitumen within the pore 

network. 

 

 

 

 

 

 

 

 

 

Figure 4.3.7a Plot with representative plug samples from oil and gas well showing the relationship 

between carbonate (%) vs permeability (nd). 
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Figure 4.3.7b Clay content (%) vs permeability (nd). Both showed a small positive and negative 

relationship confirming that rather than compaction, diagenetic chemical reactions (cements) are one 

of the main controllers in the permeability of the different rock types. 

 

- Hydrocarbon production and their relationship with to porosity-permeability  

For mudstone/shale reservoirs, the nanometer-scale pore network system controls the occurrence, 

migration, and production of shale gas (Curtis, 2002). Figure 4.3.2 showed that the type of 

hydrocarbon produced from the well is related to significant differences in permeabilities for the 

same rock type. The relationship between the Sb and the effect on permeability indicates the 

complex impact of organic matter in the pore development (Wang et al., 2020), and likewise in 

the hydrocarbon production. Bitumen, when present as a solid, has an impact on reservoir quality 

as other cements (carbonates and silica), or authigenic clays, therefore the bitumen present in the 

rock types, Figures 4.3.7a and b, and the presence of clays, are part of the diagenetic evolution of 

this complex pore system (Lomando et al., 1992). 

From our porosity analysis we confirm that Sb can significantly reduce total effective porosity, 

furthermore, permeability is also significantly reduced by restricted or closed pore throats 

(Lomando et al., 1992). Consequently, the distribution and occurrence of bitumen on well field, in 

addition to the type of hydrocarbon explain the difference on the porosity-permeability relationship 

in each of the wells analyzed. 
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4.4 Capillary entry pressure calculations. 

 4.4.1 Capillary entry pressure and governing equation 

Capillary pressure refers to the pressure difference between the oil phase and the water phase 

across a curved oil-water interface (Schowalter et al., 1979; Fanchi, 2002; Leverett, 1941) or as 

the pressure that is required to force a fluid (hydrocarbons) through a pore throat and displace the 

pore wetting fluid (Jennings et al., 1987) (Figure 4.4.1). Capillary entry pressure is related to 3 

factors: the radius of the pore throats, the hydrocarbon-water interfacial tension, and wettability 

(Schowalter, 1979). These properties in turn, control the fluid behavior in the pore system 

(Jennings et al., 1989). 

The capillary pressure (PC) is given then by the following equation (3) (Purcell, 1949): 

𝑃𝐶 =
2𝜎 cos 𝜗

𝑟
… (3) 

Where: 

• σ = interfacial tension  

• θ = the contact angle 

• r = the pore-throat radius 

 

 

 

 

 

 

 

 

Figure 4.4.1 Schematic representation of the main forces involved during the fluid 

(hydrocarbons) distribution; for hydrocarbon migration to occur, the buoyancy forces need 

to exceed the capillary forces (Carruthers, 2003). 
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We explore whether petrophysical differences between the four rock types identified in this 

analysis could have influenced the distribution of oil versus gas at Septimus field. In our analysis, 

capillary entry pressures were calculated from data obtained by MICP analysis, applying estimates 

of reservoir temperature and reservoir pressure and assuming different reservoir fluid 

compositions. Displacement pressures were obtained by MICP analysis from samples representing 

the 4 rock types, applying pressures at 10% Hg saturation. Capillary entry pressures were 

calculated following the methodology summarized in Schowalter (1979), which requires 

knowledge or estimates of reservoir temperature, pressure, and fluid composition (summarized in 

Table 4.4.1 for Septimus field). Fluid properties from the Septimus reservoir and from plots (11) 

and (12) from (Schowalter et al., 1979), we estimated an interfacial tension of 2.2 dynes/cm 

(Schowalter, 1979) for an oil of 46 °API (from the oil well producer) and 22 dynes/cm for the gas 

on the gas well producer (a relative wet gas with a composition of C1 77%, C2 13%, C3 6%, nC4 

1.6%, nC5 %0.3, C6 %0.2, and C7 0.1%). 

Table 4.4.1 Main reservoir conditions used to estimate capillary entry pressure for the oil 

well (100/04-09-084-22W6/00). 

 

MICP data require conversion from a mercury-air system to a hydrocarbon-water system. 

Following Schowalter (1979), the conversion factor can be calculated from the interfacial tension 

calculations for the two types of hydrocarbons present in the reservoir from plot (3) (Figure 4.4.2). 

(𝑃𝐶)ℎ𝑤 =
𝛾ℎ𝑤 ∗ 𝑐𝑜𝑠𝜃ℎ𝑤

𝛾𝑚𝑎 ∗ 𝑐𝑜𝑠𝜃𝑚𝑎
𝑥(𝑃𝐶)𝑚𝑎 … (4) 

Frm. 
Depth 

(ft)  

Prospect 
Pres. 
(psi) 

Hg air to 
Hcb/Water 

cfe 

Temp 
(F) 

Oil 
°API 

Relative 
density 

(gas) 

Interfacial 
Tension - 

GAS 
(lb/foot) 

Interfacial 
Tension - 

OIL 
(lb/foot) 

Hydraulic 
Pres 
Grad 

(psi/foot) 

Frm water 
density 
(lb/in3) 

6690.94 4349.11 
0.056 (gas) 
0.002 (oil) 

212 46 0.733 1.623E-6 1.6226E-7 0.65 0.036 

Data from 
geological 

report 

HP= 
(Hydraulic 

Pres Grad x 
Depth) 

From graph 
(Schowalter, 

1979) 

(Seifert 
et al., 
2013) 

Production report 
WA26966 

Calculated from graph 
(Schowalter et al; 1979) 

cte 

Calculated 
under reservoir 

conditions 
using sea water 
as a base case 
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Where: 

• PChw = capillary pressure for 

hydrocarbon-water system 

• γhw = interfacial tension for hydrocarbon-

water system (dynes/cm) 

• θhw = contact angle (wettability) 

• γma = interfacial tension of mercury + 

surface tension 

• θma = surface tension between mercury-

air and rock 

 

Figure 4.4.2 Nomograph to determine mercury-air 

to hydrocarbon-water conversion factor 

(Schowalter, 1979). Conversion factors calculated 

at reservoir conditions for well 100/04-09-084-

22W6/00 (oil producer) and well 100/12-33-080-

17W6/02 (gas producer). 

From figure 4.4.2 we obtain the conversion factors for oil and gas in water. The capillary entry 

pressure under subsurface conditions is then calculated by multiplying the Hg-injection 

measurement (from MICP) by the conversion factor for each hydrocarbon type. Then equation (3) 

can be calculated as: 

𝑃𝐶 = 𝐻𝑔𝑐𝑓𝑒 ∗ 𝐷. 𝑃𝑅𝑇 … (5) 

Where: 

• PC = Capillary entry pressure 

• Hgcfe= Mercury-air to hydrocarbon-water conversion factor 

• D.PRT = Displacement pressure for each rock type   

-  Results 

Nineteen samples (10 samples from the gas well and 9 samples from the oil well in our data set) 

were analyzed through this methodology. Figures 4.4.3 (a to h) represent capillary entry pressure 

cfgas = 0.056  

Cfoil = 0.002  
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(psi) versus total pore volume (%) (curves represent Hg-intrusion from ~150 psi to 60 000 psi), 

assuming two different hydrocarbon fluids, one a 46˚ API oil and one a gas with 77% methane 

(composition described above). In each case, total pore volume reflects that percentage of pore 

space occupied by mercury in an MICP experiment, thus pore throat diameters decrease, and 

capillary entry pressures increase with increasing pore volume. Differences between samples 

reflects varying pore throat size distributions.  In addition, the type of hydrocarbon also controls 

capillary entry pressure as a result of differences in interfacial surface tension between the 

hydrocarbon phase and water.  

Each of the rock types presents a distinctive capillary entry pressure relationship. We consider 

capillary entry curves for both oil and gas intrusion into representative samples for each rock type, 

and we distinguish samples based on whether they were taken from the oil- or gas-producing wells 

in order to test for systematic differences. Comparisons can be made for gas intrusion, for example, 

between RT 1 in the oil-producing well and the gas-producing well.  The capillary entry pressure 

curves for RT 1 and RT 2 follow a smooth “s” pattern (Figure 4.4.3 a to d). For RT 2, oil intrusion 

at 10 % (of total pore volume) occurs at ~5 psi average in the oil well and ~3 psi average in the 

gas well. Gas intrusion occurs at ~615 psi and ~99 psi in samples from the two wells, respectively. 

Oil intrusion for samples from RT 1 occurs at higher pressure ~7 psi and ~12 psi (oil and gas well 

respectively), and gas intrusion occurs at ~2065 psi and ~343 psi.  In both cases, once 10% 

intrusion occurs the capillary entry pressure slightly flattens and then keeps increasing with a 

smooth slope until the maximum pressure is reached (Figure 4.4.3 a and b). Capillary entry 

pressures for RT 3 and RT 4 are much higher than for RT 1 and RT 2. Oil intrusion occurs for RT 

3 at ~20 psi (at oil well) and ~25 psi (at gas well) and gas intrusion at ~5875 psi and ~700 psi 

respectively, while RT 4 oil intrusion occurs at ~10 psi and 25 psi (oil and gas well respectively), 

and gas intrusion at ~288 psi and 710.5 psi.  The capillary pressure curves for these two rock types 

follow different configurations; once the 10% intrusion occurs the capillary entry pressure flattens 

and stabilizes until reaches the maximum pressure (Figure 4.4.3 e to h). 

- Discussion 

o Capillary entry pressure relationship with fluid segregation. 

The distribution and flow of fluids in a reservoir depends on the interaction between the fluids (oil, 

gas, and water), and the rock structure (Fanchi et al., 2002). Rock samples with different 
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permeability, porosity, and pore-size distribution will yield different capillary entry pressure 

curves. From our MICP results, the pore-size distribution curves (Figure 4.4.4 a to h) demonstrate 

two main configurations, RT 1 and RT 2 show a two parts curve, a bell-shaped part, and a tail part 

(longer for RT 2), whereas RT 3 and 4 did not show neither the bell-shape nor the tail.  

These pore-size distribution curves lead to the different capillary entry pressure estimations for 

each of the rock types. Because RT 1, and RT 2 have a wider range of pore-size distribution, the 

capillary entry pressures estimated are lower than for RT 3 and RT 4, in addition, the tail part for 

RT 1 and RT 2 (from MICP), which represent the smallest pores present (and these within solid 

bitumen), in the capillary entry estimations results in an increase of it, which explains the “s” 

pattern observed in samples for RT 1 and RT 2. 

Three significant points emerge from this analysis: first, specific rock types are associated with 

distinctive capillary entry pressures results. Capillary entry pressures are highest for RT 3, also 

high for RT 4, and substantially lower for RT 1 and RT 2. Second, capillary entry pressures depend 

also on the fluid type present in the reservoir, where PC oil < PC gas, a consequence of the different 

surface tension of the two fluids in water. Finally, we observed systematic difference between the 

oil- and gas-producing wells, such that the capillary entry pressures for gas at 50 % of total pore 

volume intrusion are higher in the oil well than in the gas well for the same rock types (e.g. RT 3A 

and 3D from Figure 4.4.3e). This behavior was not observed for an oil composition neither at the 

oil well or the gas well. 

o Effect and relationship of rock types and hydrocarbon distribution in Septimus 

field. 

To comprehend the relationship between the hydrocarbon distribution in Septimus field and the 

four rock types identified is important to understand the origin of the hydrocarbons present in the 

Montney Formation. Previous studies had referred that hydrocarbon migration and charge of the 

WCSB involved vertical and lateral long-distance oil migration, multiple oil-mixing from different 

rock sources, oil degradation, and even per-descendum migration (Ducros et al., 2017). An 

example of this is the Montney Formation were hydrocarbons present migrated somewhere 

downdip from the Doig Formation. 
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Ducros (2017) studied the Montney Formation and conclude that hydrocarbon accumulations 

rather than correspond to a classical definition for accumulations, the Montney behaves more as a 

basin-center system characterized by an absence of downdip water contact, seal and conventional 

trap, very low reservoir permeabilities, and the proximity of a source rock (Law, 2002; Ramirez 

and Aguilera, 2012). Vertical migration in the Montney is difficult due to the overlaying Doig 

Phosphate layer that acts like a seal. Additionally, studies in the Montney infer that due to the very 

low permeabilities, hydrocarbons flow was only possible toward the east, mostly gas or 

condensates, and accumulate in the tight turbiditic reservoirs and which remained trap and 

experience secondary cracking (oil cracking into gas). From our petrophysical analysis, and the 

capillary entry pressure estimation in Septimus field, this model for the hydrocarbon distribution 

can be confirmed. 

From the capillary entry pressure estimations analysis, the rock type properties (compositional and 

petrophysical) in conjunction with the hydrocarbon present, control capillary entry pressures, 

therefore hydrocarbon distribution.  Rock types under the influence of a light oil (46 °API for our 

study) are expected to have lower capillary entry pressures as oil with lower surface tension area 

can invade more easily the pore space, in comparison to the capillary entry pressures estimated for 

a relatively wet gas, with a higher surface tension area.  

Petrophysical analysis showed that mineral-assemblage and fabric, cements (mainly carbonates), 

and clays affect somehow the porosity-permeability relationship for each of the rock types. 

Additionally, samples analyzed showed that for our rock types, the different pore types present 

(except for the organic matter pores) are occluded either by these cements, detrital grains, and 

clays and/or organic matter, the latter present as a solid bitumen and one of the main factors that 

affects permeability.  

In conclusion, our petrophysical analysis for the rock types, the capillary entry pressure 

estimations, according to fluid composition, in addition to our GOR map (Figure 3.1.1) validates 

the distribution of hydrocarbons in Septimus field, as less dense fluids are underlying more dense 

fluids, more important, our results validate our first assumption, were rock type can be used to map 

petrophysical properties and compared to fluid distribution at a field scale. 
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Figure 4.4.3 (a to h) C.E.P. (psi) vs T.P.V (%) plots for RT 1, RT 2, RT 3, and RT 4. Each plot 

represents a set of samples from the same rock type at different reservoir conditions. In green are 

represented the rock type samples from the oil well (100/04-09-084-22W6/00) and in orange rock type 

samples from the gas well (100/12-33-080-17W6/02). 
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Figure 4.4.4 Cross-plots of pore throat diameter distribution (nm) versus I.P.V (mL/g) representing 

the different set of samples for each rock type. Cross-plots from the left represent samples from the 

oil well, the data represent the pore throat diameter and the I.PV. at 50% of mercury imbibition. 

Cross-plots from the right represent set of samples from the gas well. For RT 2 as e.g. we observed 

that intrusion varies even in the same rock type, which explains the differences on the capillary entry 

pressure curves depending on the reservoir conditions analyzed. 
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4.5 Conclusions 

We investigate controls on fluid distributions in an unconventional Montney Formation 

hydrocarbon reservoir at Septimus field, applying a dataset that includes well logs and an extensive 

suite of core samples. Core samples were obtained from one well that produces oil and from two 

wells that produce gas. 

To accomplish this analysis, we developed a workflow to define and map flow units in the 

Montney Formation.  Our analysis shows that the Montney reservoir in Septimus field can be 

effectively classified from well logs as a combination of four rock type. We examined each rock 

type and demonstrated that: 

(1) The differences between these four rock types mainly refers to the mineralogical 

proportion (%) of K-feldspar + plagioclase, quartz, and clays. 

(2) Compositional differences observed in the four rock types are primarily attributed to 

diagenetic alteration of the original sediment rather than to depositional controls. 

(3) Rock types (with distinctive mineralogical compositions) can be mapped with 

confidence across Septimus field. Pore systems and petrophysical properties can be 

associated with rock types, which can also be used to map petrophysical properties at 

a field scale.   

(4) Interparticle and intraparticle pores are the most abundant, with subordinate organic-

matter pores.  

(5) Compositional variables (mineralogy), fabric, mineral assemblage, and TOC influence 

in the porosity loss of the rock types, moreover, the strong relationship between the 

median pore diameter and porosity reflected the strong impact of the bitumen 

saturation on the porosity loss; rock types can be in part distinguished on the basis of 

bitumen content. 

(6) From the capillary entry pressure estimations analysis, the rock type properties 

(compositional and petrophysical) in conjunction with the hydrocarbon present, 

control capillary entry pressures.  Rock types under the influence of a light oil are 

expected to have lower capillary entry pressures, whereas the same rock type under 

the influence of a gas are expected to have higher capillary entry pressures. This 

phenomena is explained as oil with a lower surface tension will invade first and more 
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easily the already occluded pore throats. In comparison to gas, with a higher surface 

tension, will require higher capillary entry pressures to penetrate the remanent pore 

space available. Comparison between well cores (oil and gas producer) confirmed this 

analysis as samples from the oil producer display fewer organic matter pores than 

samples from the gas producer. 
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Appendix 1: Whole Rock Characterization 
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Table 1A. Bureau Veritas standard SO-18 – Whole rock characterization 
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Table 1B. Bureau Veritas standard SO-18 – Whole rock characterization 
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Appendix 2: Core cleaning 
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Evidence of plugs from the oil well producer prior and after oil extraction through a solution made of 30% acetone, 23% methanol, 

and 47% chloroform 
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Appendix 3: Core log description 
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Appendix 4: Student-T results 
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Student-T calculations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Formulas used to calculate “t” 

One sample Two samples 
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Student-T calculations  
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Appendix 5: Porosity-permeability related to mineralogy  
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Porosity-permeability relationship associated to mineralogical composition (QEMSCAN) 
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Appendix 6: Cores analyses results 
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Petrography and analyses  

RT 1D – WA25261 

Depth: 2074.57 (m) 
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Additional images – RT 1D 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 
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RT 1 – WA25261 

Depth: 2088.12 (m) 
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22.36

4.83

6.56

3.00

0.04

0.630.25

8.73

0.17

9.53

33.49

7.06

0.05

Mineralogical composition (%wt) Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

200 µm 

Faintly laminated, moderately 

bioturbated, slightly argillaceous 

dolomitic, calcareous siltstone. Slight 

vertical variations are defined by 

variations in grain size, in calcite and 

dolomite cement, and clays. Grains are 

sub-angular to sub-rounded, well sorted 

and with a matrix mainly of a mixture 

of detrital clays and bitumen. Detrital 

framework grains include quartz and 

dolomite with a minor amount of micas. 

%TOC: 1.23 (%wt) 
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Additional images – RT 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

 

 

 

 

 

 

 

B2 

20 µm 

B2 

20 µm 

20 µm 

A1 

Py subst. 

20 µm 

A2 

mica 

Dol/Fe-dol 

cement 
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RT 1A – WA25261 

Depth: 2093.22 (m) 

 

 
 

Thin section description:  
 

 

 

 

 

 

 

 

 

 

 

1000 µm 

27.60

7.86

9.71
7.56

0.080.82

0.20

21.91

0.48
6.57

10.59

2.28
0.02

Mineralogical composition (%wt)
Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

Laminated to faintly laminated, slightly 

argillaceous calcareous siltstone. 

Vertical variations are defined by 

variations in grain size, in calcite, 

dolomite and quartz cement, and clays. 

Grains are sub-angular to sub-rounded, 

moderately sorted and with a matrix 

mainly of a mixture of detrital clays and 

extensive organic matter. Detrital 

framework grains include quartz and 

dolomite with a minor amount of micas. 

Pyrite and phosphate are consistent for 

this sample. 

%TOC: 1.82 (%wt) 
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Additional images – RT 1A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

 

 

 

 

 

 

 

 

200 µm 

A1 

qtz cement 

10 µm 
NTS BSD 

C 

py 
Ca 

Ca 

qtz 

bitumen 

PO4 

dol 

IntraΦ 

50 µm 

B 

oriented micas 

D 

2 µm 
In LENS 

py 

framboids 
PO4 

bitumen OM 

porosity 
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EDS image – mineralogical composition for RT 1A 
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RT 1C – WA25261 

Depth: 2096.62 (m) 

Thin section description: 

 

 

 

 

 

 

 

 

 

  

31.24

9.19

11.015.67

0.07
0.58

0.26

16.14

0.39

7.88

10.28

4.22 0.09

Mineralogical composition(%wt) Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

Laminated to faintly laminated, slightly 

argillaceous calcareous siltstone. 

Vertical variations are defined by 

variations in grain size, in calcite, 

dolomite and quartz cement, and clays. 

Grains are sub-angular to sub-rounded, 

moderately sorted and with a matrix 

mainly of a mixture of detrital clays and 

extensive organic matter. Detrital 

framework grains include quartz and 

dolomite with a minor amount of micas. 

Pyrite and phosphate are consistent for 

this sample. 

%TOC: 1.32 (%wt) 

 

1000 µm 
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Additional images – RT 1C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mineralogical composition – data is in (%wt) - QEMSCAN analysis  

 

 

      MICP - 

 

 

 

 

 

 

100 µm 100 µm 50 µm 

A1 

50 µm 

A2 
Dolomite 

rhomb 

mica 

B 

100 µm 

Framboidal 

pyrite 

C 

100 µm 
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RT 3D – WA25261 

Depth: 2100.4 (m) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RT 3E – WA25261 

Depth: 2158.79 (m) 

 

 

 

 

 

 

 

 

 

 

27.71

7.28

9.42

4.92

0.080.900.36

14.87
0.41

5.59

19.26

6.15

0.00

Mineralogical composition (%wt) Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

26.51

8.13

8.53

5.15

0.380.881.52

27.13

1.45 7.19

8.19

1.180.00

Mineralogical composition (%wt) Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite
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RT 3A – WA25261 

Depth: 2125.35 (m) 

 

Thin section description:  
 

 

 

 

 

 

 

 

 

 

 

Massive, slightly argillaceous siltstone. 

Moderately sorted sample, the 

framework grains include quartz, 

plagioclase, K-feldspar, and micas. 

Quartz cement is consistent at this 

sample with less calcite and 

dolomite/Fe-dolomite. Most of the 

interparticle space is infilled with 

abundant detrital clays and organics. 

Framboidal pyrite, pyrite substitution, 

quartz “patches” and quartz overgrowth 

were observed. 

%TOC: 2.4 (%wt) 

25.22

8.16

8.11

4.42

0.10
0.850.30

21.24

0.50

7.71

16.44

2.51 0.02

Mineralogical compostion (%wt) Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

1000 µm 
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Additional images – RT 3A 

 

 

 

 

 

 

 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

 

 

 

 

 

 

50 µm 

A 

IntraΦ w/py subs 

C 

20 µm 

IntraΦ  

50 µm 

B 
Qtz “patches”  

D 

50 µm 

Qtz “patches”  
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RT 3C -WA25261 

Depth: 2127.23 (m) 

%TOC: 2.0 (%wt) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

24.17

7.04

7.95

3.48

0.09
0.720.39

15.500.31

7.48

22.26

7.12

0.05

Mineralogical composition (%wt) Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total K2O

Macroporosity 

Estimate (%)

Grain 

Density 

(g/cm³)

Bulk Density 

(g/cm³)

A 1.91 0.00 0.19 0.09 0.00 0.36 0.03 0.00 0.63 0.04 0.00 100.00 2.93 5.45 2.75 31.19

B 2.08 0.00 0.24 0.10 0.00 0.39 0.02 0.00 0.60 0.02 0.00 100.00 2.97 6.15 2.75 30.42

C 1.57 0.00 0.22 0.07 0.00 0.32 0.02 0.00 0.60 0.02 0.00 100.00 2.61 5.37 2.76 31.63
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RT 3 – WA25261 

Depth: 2133.09 (m) 

 

Thin section description:  

 

 

 

 

 

 

 

 

  

 

Massive appearing, slightly 

argillaceous, siltstone. Detrital matrix 

clays and organics are observed 

infilling interstitial areas. Framework 

grains are primarily comprised of 

quartz, plagioclase, K-feldspar, and 

micas. Pyrite is noted throughout the 

sample. Cements include dolomite-Fe-

dolomite, calcite, and quartz 

overgrowths. 

%TOC: 2.34 (%wt) 

23.01

7.08

8.09

5.32

0.22

1.15

0.62

23.90

0.65

5.29

17.78

2.90 0.01

Mineralogical composition (%wt)

Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

1000 µm 
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Additional images – RT 3 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

 

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & 

Ti 

Silicates

Tourmalin

e
Chromite Apatite Zircon Monazite Total K2O

Macroporosit

y Estimate 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 2.84 0.00 0.07 0.17 0.00 0.38 0.02 0.00 0.48 0.02 0.00 100.00 3.85 3.11 2.73 31.73

B 2.56 0.00 0.10 0.12 0.00 0.41 0.03 0.00 0.51 0.03 0.01 100.00 3.77 4.17 2.73 30.04

C 2.48 0.00 0.15 0.12 0.00 0.38 0.04 0.00 0.46 0.02 0.01 100.00 3.38 3.75 2.74 31.51

20 µm 

Qtz overgrowth  

A1 

Detrital clays & 

organics 

20 µm 

A2 

2 µm 

C 

py 

OM 

Kfs 

Detrital 

clays 

InterΦ 

Detrital 

clays 

D 

2 µm 

dol qtz 

qtz 

mica 

OM 

OMΦ 
Detrital 

clays 

InterΦ E 

2 µm 

Py 

framboids 

PO4 
InterΦ 

20 µm 

B 

Deformed mica 

qtz overgrowth  

py 
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EDS images – R3  
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RT 2 – WA25261 

Depth: 2136.37 (m) 

 

 

 

 

 

 

 

 

 

 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

 

 

 

 

 

 

38.95

8.8310.79

2.510.13

0.44

0.72

11.94

0.45

7.99

8.67

4.66

0.00

Mineralogical composition (%wt) Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & 

Ti 

Silicates

Tourmalin

e
Chromite Apatite Zircon Monazite Total K2O

Macroporosity 

Estimate (%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 2.45 0.00 0.28 0.11 0.00 0.45 0.04 0.00 0.68 0.01 0.01 100.00 3.19 4.76 2.71 2.63

B 2.23 0.05 0.40 0.10 0.00 0.39 0.03 0.00 0.67 0.04 0.00 100.00 2.98 4.45 2.71 2.64

A1 A2 

30 µm 

Ca1 

Qtz2 

Plg3 

Kfs4 

py5 

Plg3 

OM6 

5 

1 

1 

1 

3 3 

4 

3 
2 

2 

6 

InterΦ 

2 µm 

C 

OM 

qtz 

PO4 

detrital 

dol 

OMΦ 
InterΦ 

detrital clays 

10 µm 

B 
PO4 

qtz 

PO4 

OM 

Ca 

Carbonate diss. 
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RT 1B – WA25261 

Depth: 2174.01 (m) 

Thin section description: 

 
 

 

 

 

 

 

 

 

 

 

Massive appearing, slightly 

argillaceous, calcareous siltstone. This 

sample show some burrowing (cryptic 

bioturbation). Detrital matrix clays and 

organics are observed infilling 

interstitial space. Framework grains are 

primarily quartz, plagioclase, K-

feldspar, and micas. Pyrite substitution 

and pyrite framboids are noted. 

Cements include dolomite-Fe-

dolomite, calcite, and quartz 

overgrowths. 

%TOC: 1.1 (%wt) 

32.36

6.91

11.745.69

0.64

0.78

2.09

19.72

1.25 7.13

7.35

1.40
0.03

Mineralogical composition (%wt)
Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

100 µm 
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Additional images – RT 1B 

 

 

 

  

 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

 

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & 

Ti 

Silicates

Tourmaline Chromite Apatite Zircon Monazite Total K2O
Macroporosity 

Estimate (%)

Grain 

Density 

(g/cm³)

Bulk Density 

(g/cm³)

A 1.837 0.034 0.062 0.073 1.18E-03 0.424 0.026 0.0000 0.282 0.030 0.003 100 3.722 2.142 2.704 30.420

B 2.098 0.036 0.082 0.061 6.98E-05 0.390 0.032 0.0014 0.283 0.032 0.008 100 3.927 3.014 2.708 31.193

C 1.971 0.041 0.061 0.063 0.00E+00 0.420 0.036 0.0008 0.301 0.018 0.003 100 3.667 3.165 2.706 31.626

A1 A2 

100 µm 100 µ 

m 

Burrows? 

C 

10 µm 

py 

framboids 

micas 

OM Ca 

qtz 

IntraΦ 

B 

20 µm 

py 

micas 

qtz 

overgrowth 

D 

2 µm 

OM 

Detrital 

mica 
dol 

OMΦ 

detrital clays 

E 

20 µm 

OM infilling most of 

the pore space 

mica 

qtz 

dol 

Ca 
plgs 
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Mercury Injection analysis – RT 1B – WA25261 

 

 

 

 

 

 

 

 

 

 

 

BET Analysis – RT 1B – WA25261 
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RT 3B – WA25261 

Depth: 2195.8 (m) 

Thin section description:  

 

 

 

 

 

 

 

 

 

  

Well laminated, bioturbated, 

argillaceous, calcareous siltstone. 

Laminations are sharp based and are 

normally graded. Detrital framework 

grains are sub rounded to sub angular 

and are mainly quartz and plagioclase 

with minor K-feldspar and micas. Main 

cements are dolomite/Fe-dolomite with 

minor calcite. Most of the pore space is 

occluded by detrital matrix clays and 

organics. 

%TOC: 2.36 (%wt) 

32.30

6.60

12.025.91

0.61

0.70

1.70

18.93

1.33 8.59

6.99

0.94
0.01

Mineralogical composition (%wt)
Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

500 µm 

Bioturbation? 



116 
 

Additional images – RT 3B 

 

 

 

 

 

 

 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

 

 

 

 

 

 

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & 

Ti 

Silicates

Tourmaline Chromite Apatite Zircon Monazite Total K2O
Macroporosity 

Estimate (%)

Grain 

Density 

(g/cm³)

Bulk Density 

(g/cm³)

A 2.222 0.027 0.053 0.081 1.81E-02 0.444 4.46E-02 0 0.410 0.054 0.002 100 3.275 4.832 2.707 21.765

B 2.131 0.030 0.056 0.073 0.00E+00 0.463 3.28E-02 0.0010874 0.390 0.037 0.006 100 3.337 3.675 2.707 20.769

C 2.262 0.024 0.069 0.079 0.00E+00 0.511 3.16E-02 0.001398 0.383 0.029 0.003 100 3.479 3.611 2.706 23.559

100 µm 100 µm 

A 
Ca/dol/Fe-dol cements 

deformed 

biotite 

B 

20 µm 

qtz overgrowth 

Fe-dol cement 

qtz 

mica 

detrital clays 

and OM 

C 

50 µm 

Dol/Fe-dol 

cement 

py subs. 

dol rhomb 

detrital clays 

and OM 

D 

50 µm 

Ca cement 

mica 
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RT 1 – WA32485 

Depth: 2068.03 (m) 

Thin section description 

 

 

 

 

 

 

 

 

 

 

  

 

31.74

11.10

9.96

3.87

0.26

0.40

0.75

10.54

0.62

9.64

14.60

2.99 0.02

Mineralogical composition (%wt) Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

Well laminated to laminated (minor 

ripples), slightly argillaceous dolomitic, 

calcareous siltstone. Laminae have 

sharp basal contacts and are normally 

graded. Framework grains include 

quartz and plagioclase with minor K-

feldspar and micas. Minor phosphate 

and replacement pyrite is noted. 

%TOC: 1.07 (%wt) 

Porosity: 4 (%) 

Permeability: 6.1887x10-5 (md) 
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Additional images – RT 1 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 2.53 0.000 0.0224 0.0221 0.0053 0.4209 0.0284 0.0013 0.4130 0.0535 0.0047 100 3.33 2.72 2.66

50 µm 

A1 

Pyrite 

framboids 

mica 

qtz 

overgrowth 

50 µm 

A2 
Ca and dol/Fe-

dol cements 

C 

D E 

B 

1 µm 

detrital grains 

IntraΦ 

fracture

s 

qtz overgrowth 

detrital clays 

and OM 

1 µm 

dol 

InterΦ 

Kfs 

OM and 

OMΦ 

qtz 

qtz 

Ca  

1 µm 

OM  

PO4  

qtz 

qtz 

py 

py 

qtz  

IntraΦ 

1 µm 

InterΦ 

OM  

OM  

IntraΦ 

detrital clays  

qtz  

qtz  

qtz  
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RT 2E – WA32485 

Depth: 2124.46 (m) 

 

 

 

 

 

 

 

 

 

 

 

  

 

RT 2D – WA32485 

Depth: 2179.47 (m) 

 

  

 

 

 

 

 

 

 

 

 

 

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 2.6 0 0.056 0.0582 7.29126E-05 0.510 0.032 6.44E-04 0.33 5.78E-02 6.7E-03 100 5.59 2.70 2.61

37.34

11.8510.623.48
0.20

0.35

0.69

8.11

0.54

9.63

10.00

3.34 0.02

Mineralogical composition (%wt) Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 2.79 0 0.06 0.02 6.53E-04 0.49 0.05 0 0.35 0.06 0.013 100.00 5.47 2.71 2.62

35.63

13.3611.35

5.94

0.31

0.42

0.98

12.37

0.85 6.64

6.27

2.22
0.02

Mineralogical composition (%wt) Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite
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RT 3E – WA32485 

Depth: 2196.39 (m) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RT 4C – WA32485 

Depth: 2200.2 (m) 

 

 

 

 

 

 

 

 

 

 

 

 

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 2.267 0 0.056 0.117 0 0.3789155 0.0175185 0.00262 0.368 0.05468 1E-03 100 1.6 2.7 2.7

22.59

13.30

7.78
6.78

0.620.74
1.11

20.12

1.54

5.70

11.95

2.48
0.00

Mineralogical composition (%wt)
Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

31.78

13.71

9.86
3.87

0.34

0.44

0.87

12.82

0.76

8.13

10.21

3.94

0.01

Mineralogical composition (%wt) Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 4.083 0 0.08 0.15 0 0.31 0.02 0.0011 0.6 0.02 0.002126 100 1.18 2.73 2.71
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RT 2 – WA32485 

Depth: 2096.37 (m) 

 

Thin section description:  
 

 

 

 

 

 

 

 

 

 

  

Very faintly laminated, argillaceous, 

dolomitic, calcareous siltstone. At 

higher magnification, the sample 

appears massive. The dominant 

framework grains include quartz with 

minor plagioclase, K-feldspar, and 

micas. Pore spaces is occluded by 

matrix clays and cements (dolomite/Fe-

dolomite with minor calcite, and quartz 

overgrowths) 

%TOC: 0.46 (%wt) 

Porosity: 6.7 (%) 

Permeability: 3.503x10-4 (md) 

28.10

7.99

9.07

3.130.32

0.43
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17.31
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Mineralogical composition (%wt)
Quartz
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Biotite
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Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite
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Additional images – RT 2 

 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 1.109 0.00248 0.025 0.01671 0.0006 0.3476359 0.04030355 0.004482 0.3326 0.057 0.009959 100 3.517238482 2.7576 2.6958

20 µm 
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Complementary data – RT 2 
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RT 1A – WA32485 

Depth: 2106.47 (m) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

33.16

9.16

8.61

1.700.110.27

0.44

4.43

0.22

22.31

11.85

4.84

0.03

Mineralogical composition (%wt)
Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 1.753 0 0.05 0.093677 6E-04 0.2928088 0.0265182 0.002513 0.5784 0.07 0.000506 100 3.68 2.72 2.65
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RT 2A – WA32485 

Depth: 2109.18 (m) 

 

Thin section description: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Very faintly laminated to massive 

appearing dolomitic siltstone. At 

amplified magnification images are 

more massive due to possible 

bioturbation observed. Most of the pore 

space is occluded with dolomite/Fe-

dolomite and less calcite cements, and 

minor matrix clays. Detrital framework 

grains include quartz with minor 

plagioclase, K-feldspar, and micas.  

%TOC: 0.65 (%wt) 
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Additional images – RT 2A 

 

 

EDS images – RT 2A 
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Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

 

 

 

 

 

 

 

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 1.664 0 0.052 0.012697 1E-04 0.5062208 0.0321909 0.002845 0.4175 0.078 0.006282 100 4.21 2.72 2.64

0.00E+00
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RT 3 – WA32485 

Depth: 2136.24 (m) 

 

Thin section description: 

 

 

 

 

 

 

 

 

 

  

 

Very faintly laminated to massive 

appearing dolomitic siltstone. Most of 

the pore space is occluded with matrix 

clay and organic matter and in less 

amount dolomite/Fe-dolomite and less 

calcite cements. Detrital framework 

grains include quartz with minor 

plagioclase, K-feldspar, and micas. 

Framboidal pyrite and pyrite 

substitution were consistent for this 

sample. 

%TOC: 1.3 (%wt) 

Porosity: 1.9 (%)  

Permeability: 1.27x10-3 (md) 
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Additional images -RT 3 

 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 2.684 0.218179 0.0906 0.240447 0.0232 0.5049552 0.045959 0.002374 0.4557 0.0495 0.00425 100 4.12 2.71 2.64
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Complementary data – RT 3 
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RT 3C – WA32485 

Depth: 2151.13 (m) 

% TOC: 3.6 (%wt) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mineralogical composition – data is in (%wt) – QEMSCASN analysis 

 

 

 

 

 

 

 

 

 

 

 

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 2.976 0.590793 0.0255 0.062972 0.0013 0.4355618 0.0567157 0.006309 0.7898 0.0612 0.001605 100 9.019 2.728 2.572
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RT 3A – WA32485 

Depth: 2165.25 (m) 

Thin section analysis:  

 

 

 

 

 

 

 

 

 

 

  

Faintly laminated to massive appearing 

dolomitic siltstone. Most of the pore 

space is occluded with matrix clay and 

organic matter and in less amount 

dolomite/Fe-dolomite and less calcite 

cements. Detrital framework grains 

include quartz with minor plagioclase, 

K-feldspar, and micas.  

%TOC: 2.7 (%wt) 

Porosity: 1.6 (%)  

Permeability: 8.55x10-5 (md) 
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Additional images – R 3A 

 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

 

 

 

 

 

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 3.688 0.02282 0.0414 0.058403 0 0.432782 0.0351882 0 0.6563 0.0365 0.005736 100 3.82 2.72 2.66

A 

Dol/Fe-dol and Ca 

cement 

50µm 

Detrital clays, 

py & OM  

B 

50µm 

IntraΦ 

qtz 

overgrowth 

C 

20µm 

Dol/Fe-dol and Ca 

cement 

D 

100µm 
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Complementary data – RT 3A 
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RT 3D – WA32485 

Depth: 2168.19 (m) 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 
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Mineralogical composition (%wt) Quartz

K Feldspar

Plagioclase
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Biotite
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Chlorite
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Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 2.787 0 0.0389 0.070543 0.0002 0.4133386 0.0325248 0.002243 1.0179 0.0901 0.003098 100 6.01 2.73 2.63

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 2.787 0 0.0389 0.070543 0.0002 0.4133386 0.0325248 0.002243 1.0179 0.0901 0.003098 100 6.01 2.73 2.63



137 
 

RT 2B – WA32485 

Depth: 2177.36 (m) 

Thin section analysis: 
 

 

 

 

 

 

 

 

 

 

 

 

Massive appearing slightly argillaceous 

dolomitic, calcareous siltstone. Minor 

bioturbation was observed in this 

sample. Detrital framework grains are 

sub rounded to sub angular and 

comprised of quartz with minor 

plagioclase, K-feldspar, and micas. 

Main cements include dolomite/Fe-

dolomite and minor calcite. Some of the 

pore space is occluded by detrital 

matrix clays, organics and pyrite. 

%TOC: 1.35 (%wt) 

Porosity: 3.4 (%)  

Permeability: 7.34 x10-5 (md) 
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Additional images – RT 2B 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

     MICP  

 

 

 

 

 

 

 

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 2.21 0.033245 0.07 0.029717 0 0.4744448 0.0437427 0.006223 0.3245 0.056 0.006851 100 2.33 2.71 2.67
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RT 3B – WA32485 

Depth: 2186.01 (m) 

 

Thin section analysis: 

 
 

 

 

 

 

 

 

 

 

 

 

Massive appearing, argillaceous 

dolomitic, calcareous siltstone. The 

main framework grain is comprised of 

quartz, with minor K-feldspar, 

plagioclase, and micas. The main 

cements present were dolomite/Fe-

dolomite and in less amount calcite. 

Pyrite cement, detrital clays, and 

organics are noted occluding most of 

the pore space.  

%TOC: 3.7 (%wt) 

Porosity: 1.7 (%)  

Permeability: 8.2 x10-5 (md) 
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Additional images – RT 3B 

Mineralogical composition - data is in (%wt) – QEMSCAN analysis. 

 

 

 

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 4.052 0 0.0759 0.198297 7.25224E-05 0.418959 0.0352669 0.00016 0.9052 0.0646 0.00654 100 5.45 2.71 2.62
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RT 1B – WA32485 

Depth 2189.56 (m) 

Thin section analysis: 

 

 

 

 

 

 

 

 

 

 

 

Very faintly to faintly laminated 

slightly argillaceous dolomitic, 

calcareous siltstone. Most of the pore 

space is occluded with matrix clay and 

organic matter and in less amount 

dolomite/Fe-dolomite and less calcite 

cements. Detrital framework grains 

include quartz, K-feldspar with minor 

plagioclase, and micas. In this sample at 

amplified scale some of the pore space 

is occluded by micritic mud. 

%TOC: 1.07 (%wt) 
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Additional images – RT 1B 

 

 

 

 

 

 

 

 

 

 

 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

 

 

 

 

  

 

 

 

 

 

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

A 2.076 0.000776 0.0455 0.03501 0 0.382327 0.0295745 0.003828 0.3713 0.0522 0.003947 100

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

1.06 2.71 2.70

qtz 

overgrowth 

OM, detrital 

clays & py 

Bioturbation? Rhomb. dol/Fe-

dol cement 

qtz 

overgrowths 

A B 

C 

50 µm 

50 µm 

100 µm 
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RT 4 – WA32485 

Depth: 2206.28 (m) 

Thin section analysis:  

 
 

 

 

 

 

 

 

 

 

 

Well laminated to ripple laminated, 

argillaceous, dolomitic, calcareous 

siltstone. Individual laminations are 

sharp based, and are defined by vertical 

variations in clay content, grain size and 

content of cement. This sample is well 

cemented, mainly with dolomite/Fe-

dolomite cement. Minor to moderate 

bioturbation. 

%TOC: 1.2 (%wt) 

Porosity: 1.2 (%) 

Permeability: 1.22 x10-4 (md) 
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Additional images – RT 4 

 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

 

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

A 2.559 0.000127 0.0479 0.068497 0 0.3202309 0.0166778 0.001052 0.3724 0.0187 0.003711 100

Macroporosity 
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Grain 

Density 
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Bulk 

Density 

(g/cm³)
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Finning 

upward 

Silt rich 

laminae 

A1 

500 µm 

Sharp base contact 
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Additional data – R4 
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RT 4A – WA32485 

Depth: 2241.64 (m) 

Thin section analysis: 
 

 

 

 

 

 

 

 

 

 

 

 

Laminated to well laminated, 

argillaceous, dolomitic, calcareous 

siltstone. Interparticle porosity is noted 

within clay-lean, cemented areas as the 

clays reduce and occlude the rest of the 

pore space. Dominant cement types 

include dolomite/Fe-dolomite, calcite 

and minor quartz overgrowths, 

Framework grains are quartz with 

minor K-feldspar, plagioclase and 

micas. Pyrite replacement is noted. 

%TOC: 0.88 (%wt) 

Porosity: 2.8 (%)  

Permeability: 2.7 x10-5 (md) 
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Additional images – RT4A 

 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

 

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

A 3.608 0 0.0546 0.142415 0.0002 0.3778489 0.0168765 0.004836 0.5605 0.0316 0.002921 100

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

0.37 2.73 2.72

A1 

20 µm 

Well cemented 

dol/Fe-dol 

OM, py and 

detrital clays 

plgs 

A2 

20 µm 

qtz 

B 

100 µm Sharp contact between laminae 

Rich silt laminae, finer grains 

Bioturbation? 

OM & py 

C 

20 µm 

InterΦ 

Rhomb. 

dol 

qtz 

overgrowth 

D 

20 µm 

py 
Ca 

qtz 

qtz 

chl py 

grains 

qtz 

IntraΦ 

E 

10 µm 

dol 

dol 

dol 

Ca 

qtz qtz 

Kfs 

chl 

InterΦ and 

IntraΦ  
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Additional data – R4A 
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RT 1C – WA32485 

Depth: 2249.42 (m) 

Thin section analysis: 

 
 

 

 

 

 

 

 

 

 

 

  

Laminated, argillaceous, dolomitic, 

calcareous siltstone. Observed at 

Macro, some burrows are observed. 

Laminations are defined by vertical 

variations in clay content, cement, and 

grain size. Framework grains are 

comprised by quartz with minor K-

feldspar, plagioclase, and micas. 

Detrital grains are well cemented by 

dolomite/Fe-dolomite and calcite.  
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1.43

12.20
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0.01
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Additional images – RT 1C 

 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

 

 

 

 

 

 

  

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

0.38 2.74 2.73

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

A 2.758 0 0.169 0.069676 6.82264E-05 0.378901 0.0184211 0.003769 0.5514 0.0341 0.0034 100

A1 

Burrows?  

InterΦ  

IntraΦ  

Ca cement 

50 µm 

A2 

Rhomb. dol/Fe-

dolomite cement 

plgs 

mica 

50 µm 

B2 

Finning 

upward 

50 µm 

B1 
Rich silt 

laminae  

50 µm 
well cemented 

dol/Fe-dol and Ca 
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RT 4B – WA32485 

Depth: 2256.65 (m) 

Thin section analysis: 

 
 

 

 

 

 

 

 

 

 

 

 

Faintly laminated to laminated 

argillaceous, dolomitic, calcareous 

siltstone. Changes in grain size and clay 

content help define individual laminae. 

Slight bioturbation is observed at 

Macro scale as micritic mud. 

Framework grains are composed of 

quartz, with minor K-feldspar, 

plagioclase, and micas. Framboidal 

pyrite is noted 

%TOC: 0.94 (%wt) 

Porosity: 1.5 (%) 

Permeability: 3.4 x10-5 (md) 
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Additional images – RT 4B 

 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

A 

1000 µm 

rich silt laminae 

Well cemented 

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 2.979 0.000512 0.0715 0.058679 0.000137249 0.3807316 0.0292871 0.004852 0.4414 0.0357 0.00228 100 0.58 2.73 2.72

B 

micritic mud 

100 µm 

micas 

D 

py replacement 

py  detrital clays 

and OM  

10 µm 

E1 E2 

qtz1 

Ca2 

py4 

plgs3 

chl5 

OM 
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5 
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OM 

30 µm 
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chl 
py grains 

IntraΦ 

10 µm 
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Additional data – RT 4B 
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RT 2E – WA26965 

Depth: 1656.2 (m) 

 

Thin section description: 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

36.83

11.9711.87

5.85

0.08

0.39

0.16

9.88

0.42
6.83

11.53

0.07
0.00

Mineralogical composition (%wt) Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

Laminated to massive appearing 

skeletal-rich silty calcareous 

siltstone. Skeletal fragments are 

present in this sample. Basal 

contacts are sharp. Silt size detrital 

grains include quartz, feldspar, and 

micas. Minor matrix clays are 

observed as much of the matrix has 

been cemented by calcite and in less 

amount Fe-dol/dolomite cement. 

Abundant replacement pyrite is 

noted within skeletal-rich areas. 

%TOC: 1.6 (wt) 

Increase clay 

content 

Bioturbation? 

A1 

200 µm 

Sample well cemented 

by dol/Fe-dol and Ca  

A2 

200 µm 

Skeletal fragments 

Replacement 

pyrite 

B1 

100 µm 

Dolomite 

cement  

B2 

100 µm 
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Additional data – RT 2E 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

 

 

- MICP 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

A 2.737 0.000137 0.0835 0.034391 0.002058508 0.5881601 0.0542137 0.000487 0.4904 0.1381 0.002966 100

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

7.231935273 2.70868 2.58511

0.00E+00
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g]

Diameter [nm]

Pore throat diameter distribution - RT 2
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RT 2D – WA26965 

Depth: 1659.2 (m) 

Thin section description:  
 

 

 

 

 

 

 

 

 

 

 

 

Massive, moderately bioturbated 

argillaceous dolomitic, calcareous 

siltstone. Higher magnifications 

reveal a more massive appearance due 

to pervasive cryptic bioturbation. This 

sample is very well cemented 

(dolomite/Fe-dol and calcite) and in 

minor proportion by clays and 

organics. Quartz, with minor K-

feldspar, plagioclase and micas are the 

main detrital framework grains. 

Replacement pyrite is observed 

throughout the sample. 

%TOC: 0.65 (%wt) 

Porosity = 4.50 (%) 

Permeability = 28.581 (nd) 

36.09

8.34

8.52

1.87
0.030.27

0.11

4.29

0.07

16.27

21.38

0.34 0.01

Mineralogical composition (%wt) Quartz

K Feldspar
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Biotite
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Fe Oxide & siderite
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Additional images – RT 2D 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 
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Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

3.60 2.72 2.65

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

A 1.321 0 0.0386 0.023879 0.000141117 0.3497337 0.0298052 0.00421 0.5447 0.0951 0.004689 100

A 

200 µm 

Bioturbation? 

Py replacement 

Qtz overgrowths B 

50 µm 

Qtz overgrowths 

mica 

Fe-dol/dol 

cement 

C1 

50 µm 

Interstitial clays 

and organics 

Py 

replacement 

C2 

50 µm 

mica 

Rhomb. Fe-

dol/dolomite cement  

qtz 
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RT 1A – WA26965 

Depth: 1703.4 (m) 

 

Thin section description:  
 

 

 

 

 

 

 

 

 

 

 

 

Faintly to massive argillaceous 

dolomitic calcareous siltstone. 

Moderate to well sorted sample. 

The grain fabric is supported by 

Fe-dolomite/dolomite and in less 

amount calcite cement. Quartz, 

and in les amount K-feldspar, 

plagioclase and micas are the 

main framework grains. Micas are 

shown to have random 

orientations. Pyrite replacement is 

observed throughout the sample. 

%TOC: 1.6 (%wt) 
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Additional images – RT 1A 

 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis. 

 

 

 

  

 

 

 

 

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

7.49 2.73 2.60

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

A 2.735 0 0.058 0.05985 0.00271 0.4232509 0.0340227 0.001133 0.4066 0.0414 0.004693 100

A 

20 µm 

IntraΦ 

py replacement 

Kfs 

detrital clays 

& OM 

B 

50 µm 

Rhomb Fe-dol/dolomite 

mica

mica 

IntraΦ 

qtz overgrowth

C 

20 µm 

Kfs 

py replacement 

qtz 

macroporosity D 

50 µm 
mica

qtz overgrowths

macroporosity 

detrital clays, 

py &OM 
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RT 2F – WA26965 

Depth: 1704.2 (m) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RT 3A – WA26965 

Depth: 1765.2 (m) 

 

 

 

 

 

 

 

 

 

 

38.78

11.06
12.76

5.26
0.14

0.38

0.22 9.63

0.58

5.06 9.36

3.61 0.08

Mineralogical composition (%wt) Quartz
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Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

7.07 2.71 2.58

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

A 2.047 0 0.0698 0.032753 0.002947799 0.4730871 0.0346715 0.000162 0.3617 0.0593 0.010291 100

29.91

10.117.19

2.69
0.04

0.29

0.08

12.03

0.20
7.76

7.41

0.71
0.00

Mineralogical composition (%wt) Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 1.472 0.006845 0.0446 0.06324 0.000143825 0.3886434 0.0207735 0.000159 19.527 0.0458 0.003413 100 7.24 2.77 2.64
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RT 2 – WA26965 

Depth: 1713.4 (m) 

Thin section analysis:  
 

 

 

 

 

 

 

 

 

 

 

 

Well to faintly, bioturbated, slightly 

argillaceous, dolomitic, calcareous 

siltstone. Very fine silt to very fine 

upper sand sizes framework grains 

include quartz, and in less amount K-

feldspar, plagioclase, and micas. 

Higher magnifications show that the 

detrital very fine sand size quartz and 

feldspars grains are heavily cemented 

by Fe-dolomite/dolomite and in less 

amount calcite and were grains are 

very fine silt size the clay content 

increases. Pyrite replacement was 

observed within the silty matrix or 

locally replaces carbonaceous detritus. 

%TOC: 1.3 (%wt) 

Porosity = 5.5 (%) 

Permeability = 131.488 (nd) 

35.49

8.74

10.82

3.17

0.09

0.36
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Additional images – RT 2 

 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

A 1.662 0 0.0816 0.028705 0.001306569 0.4827363 0.0369088 0.00016 0.3673 0.0706 0.007736 100

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

6.51 2.73 2.62

D

A 

2 µm 

OM 

OMΦ 

IntraΦ 

dol 

qtz 

C 

2 µm 

micas 

OM 

OMΦ 

IntraΦ 

IntraΦ 

InterΦ 

qtz 

dol 

detrital 

clays 

A2 

50 µm 

Fe-dol/dol and 

Ca cement 

A1 

50 µm 

Py replacement 

mica 

qtz 

B1 

50 µm 

dol dissolution 

replace by py 

plgs 

detrital clays 

and OM 

B2 

50 µm 

py replacement 

Rhomb. Fe-

dol/dolomite cement 

qtz overgrowth 

plgs 
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Additional data – RT 2 

 

 

 

 

 

 

 

 

RT 2C – WA26965 

Depth: 1716 (m) 
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Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 1.753 0.006529 0.1053 0.068615 0.017211613 0.4455331 0.0494614 0 0.4128 0.072 0.010959 100 2.79 2.72 2.67
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RT 3C -WA26965 

Depth: 1763.2 (m) 

%TOC= 3.6 (%wt) 

Porosity= 1.8 (%) 

Permeability= 139.733 (nd) 

 

 

 

 

 

 

 

 

 

 

 

 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

  

 

 

 

 

 

 

 

 

 

 

  

33.10

12.84

9.09

4.60

0.07

0.38

0.13

18.20

0.42 6.72
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0.76 0.00

Mineralogical composition (%wt) Quartz
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Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 2.111 0.060028 0.0364 0.095554 7.53238E-05 0.3927103 0.0342237 0.000166 0.6788 0.0555 0.000179 100 9.18 2.70 2.55
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Pore throat diameter distribution - RT 3



165 
 

RT 2A – WA26965 

Depth: 1768 (m) 

Thin section analysis: 

 

 

 

 

 

 

 

 

 

 

  

Faintly to very faintly, slightly 

argillaceous, dolomitic, calcareous 

siltstone. Very fine silt to very fine 

sand sizes framework grains include 

quartz, K-feldspar, plagioclase, and in 

less amount micas. Higher 

magnifications show that grains are 

cemented by Pyrite replacement, and 

it was observed within the silty matrix  

%TOC: 3.7 (%wt) 

39.49

12.45

10.15

3.07
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0.35
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Additional images – RT 2A 

 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

 

  

 

 

 

 

 

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

A 6.163 0 0.0872 0.199674 0.000370791 0.4264634 0.0274633 0.005368 1.0216 0.0947 0.010308 100

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

8.50 2.74 2.60

B 

20 µm 

Kfs 

IntraΦ 

py replacement 

qtz 

A 

20 µm 

IntraΦ 

Ca 

dol 

qtz 

py replacement 

C 

20 µm 

IntraΦ 
py 

D 

50 µm 

qtz overgrowth  

oriented 

micas 

py 

replacement 
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RT 1 – WA26965 

Depth: 1770 (m) 

%TOC: 1.4 (%wt) 

Porosity: 3.3 (%) 

Permeability: 192.029 (nd) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Mineralogical composition – data is in (%wt) – QEMSCAN analysis: 

 

 

 

  

 

 

 

 

 

 

9.23

0.45
0.62 0.28

0.02

0.15 0.18

1.31
0.03

1.02

69.10

15.37

0.01

Mineralogical composition 
(%wt)

Quartz K Feldspar Plagioclase
Muscovite Biotite Kaolinite
Chlorite Illite & illite-smectite Fe-Illite & illite-smectite
Calcite Dolomite Ferroan Dolomite
Fe Oxide & siderite

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

2.25 2.87 2.82

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

A 2.065 0.005413 0.0407 0.009228 0.000263645 0.0542648 0.0014352 0.00233 0.0483 0.0078 0 100
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RT 3 – WA2695 

Depth: 1770.865 (m) 

Thin section analysis: 

 

 

 

 

 

 

 

 

 

 

  

35.17

13.369.97

4.89

0.05

0.37

0.16

12.41

0.56 6.98

8.98

0.27
0.00

Mineralogical composition (%wt)
Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

Faintly to massive appearing 

dolomitic, calcareous siltstone. 

Pervasively occluded with a matrix 

clay and organic matter. At cleaner 

areas, it is cemented by Fe-

dolomite/dolomite and in less amount 

calcite cement. Detrital framework 

grains include quartz, K-feldspar, and 

in less amount plagioclase and micas. 

%TOC: 3.88 (%wt) 

Permeability: 196.640 (nd) 
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Additional images – RT 3 

 

 

 

 

 

 

 

 

 

 

 

 

E 

10 µm 

OM 

fracture 

py 

framboids 

py  

py  

py  

fracture 

py  

detrital 

clays 

dol 

qtz 

G 

2 µm 

py framboids 

F 

10 µm 

dol 

Ca 

Ca 

dol 

OM 
py 

IntraΦ 

IntraΦ 

H 

10 µm 

py 

replacement 
IntraΦ 

dol 

qtz 

qtz 

OM 

fracture 

A 

20 µm 

IntraΦ 

IntraΦ 

py 

Ca 

qtz 

qtz overgrowth 

Kfs 

Ca 

B 

20 µm 

Rhomb 

dol py 

qtz 

IntraΦ 

C 

20 µm qtz overgrowth 

Pervasive py, detrital 

clays and OM 

D 

20 µm 

Pervasive py, detrital clays and OM 

qtz 

qtz 

mica 

dol 
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Mineralogical composition – data is in (%wt) – QEMSCAN analysis. 

 

 

 

 

- MICP  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

12.39 2.73 2.51

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

A 5.421 0.00462 0.0725 0.198259 0 0.4277143 0.0351459 0 0.595 0.0593 0.005875 100

0.00E+00

1.00E-04

2.00E-04

3.00E-04

4.00E-04

5.00E-04

6.00E-04

1.0010.00100.00

I.
P

.V
 [

m
L/

g]

Diameter [nm]

Pore throat diameter distribution - RT 3
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RT 3B – WA26965 

Depth: 1776 (m) 

 

Thin section analysis:  

 

 

 

 

 

 

 

 

 

  

Massive appearing, argillaceous 

dolomitic, calcareous siltstone. The 

main framework grain is comprised 

of quartz, with minor K-feldspar, 

plagioclase, and micas. The main 

cements present were dolomite/Fe-

dolomite and in less amount calcite. 

Pyrite cement, detrital clays, and 

organics are noted occluding most 

of the pore space.  

 

41.02

11.55

11.38

3.75

0.07

0.34

0.19

9.55

0.27
8.43

7.76

2.72 0.04

Mineralogical composition (%wt)
Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-
smectite
Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite
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Additional images – RT 3B  

 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

 

 

  

 

 

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

6.824 2.695 2.579

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

A 1.509 0.000824 0.08 0.042254 0.002059797 0.4502171 0.0339582 0.001951 0.7454 0.0663 0.005936 100

D 

A B 

C 

50 µm 50 µm 

20 µm 20 µm 

Detrital clays and OM 

InterΦ 

Kfs 

py 

qtz 

overgrowths 

Fe-dolomite/dol 

cement 

py 

micas 

Detrital clays and OM 
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RT 4B – WA26965 

Depth: 1867 (m) 

Thin section analysis: 

 

 

 

 

 

 

 

 

 

Laminated to well laminated, 

argillaceous, dolomitic, calcareous 

siltstone. Interparticle porosity is 

noted within clay-lean, cemented 

areas as the clays reduce and occlude 

the rest of the pore space. Dominant 

cement types include dolomite/Fe-

dolomite, calcite and minor quartz 

overgrowths, Framework grains are 

quartz with minor K-feldspar, 

plagioclase and micas. Pyrite 

replacement is noted. 

%TOC: 1.02 (%wt) 

 

39.04

7.9612.03

4.83

0.51

0.61

1.65

11.98

1.40 4.79

8.52

2.74 0.01

Mineralogical composition (%wt) Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite
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Additional images - RT 4B 
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C D 

InterΦ 

Kfs 
py 

20 µm 50 µm 

20 µm 200 µm 

Kfs 

qtz 

overgrowths 

mica 

py 

InterΦ 

“cleaner” 

 interval w/InterP 

E 

20 µm 

chl 

qtz 

OM py 

dol 

Ca 

Detrital clays occluding 

pore space available 
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Additional data – RT 4B 

Mineralogical composition – data is in (%wt) – QEMSCAN analysis 

 

 

 

- MICP 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.00E+00

1.00E-04

2.00E-04

3.00E-04

4.00E-04

5.00E-04

6.00E-04

1.0010.00100.001000.00

I.
P

.V
 [

m
L/

g]

Diameter [nm]

Pore throat diameter distribution - RT 4

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

A 2.878 0 0.0713 0.04032 0 0.4907298 0.0471942 0.001696 0.3271 0.0581 0.006954 100

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

2.5664 2.7181 2.6740

F G 
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RT 4 – WA26965 

Depth: 1870.4 (m) 

Thin section analysis: 

 

 

 

 

 

 

 

 

 

Faintly laminated to laminated 

argillaceous, dolomitic, calcareous 

siltstone. Changes in grain size and 

clay content help define individual 

laminae. Slight bioturbation is 

observed at Macro scale as micritic 

mud. Framework grains are 

composed of quartz, with minor K-

feldspar, plagioclase, and micas. 

Framboidal pyrite is noted 

%TOC: 1.27 (%wt) 

 

39.23

5.4410.28

1.55

0.14

0.44

0.79

4.750.33

18.37

8.98

3.91

0.02

Mineralogical composition (%wt) Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite
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Additional images – RT 4 

Mineralogical composition - data is in (%wt) – QEMSCAN analysis. 

 

- MICP  

 

 

 

 

 

 

 

 

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 4.364 0 0.0534 0.074805 6.86782E-05 0.3082288 0.0356905 0.004553 0.8874 0.0348 0.002119 100 1.838 2.742 2.710

0.00E+00

1.00E-04

2.00E-04

3.00E-04

4.00E-04

5.00E-04

6.00E-04

1.0010.00100.00

I.
P

.V
 [

m
L/

g]

Diameter [nm]

Pore throat diameter distribution - RT 4

A B 

C D 

50 µm 50 µm 

50 µm 50 µm 
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RT 4C – WA26965 

Depth: 1873.4 (m) 

 

 

 

 

 

 

 

 

 

 

Mineralogical composition - data is in (%wt) – QEMSCAN analysis 

 

 

 

 

- MICP 

 

 

 

 

 

 

 

 

 

 

 

90.73

Mineralogical composition (%wt) Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

0.403 2.713 2.707

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

A 0.402 0 0.0057 0.009035 0 0.0388757 0.0022815 0 0.097 0.0056 0 100

0.00E+00

5.00E-05

1.00E-04

1.50E-04

2.00E-04

2.50E-04

3.00E-04

3.50E-04

1.0010.00100.001000.00

I.
P

.V
 [

m
L/

g]

Diameter [nm]

Pore throat diameter distribution - RT 4
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RT 4D – WA26965 

Depth: 1878 (m) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mineralogical composition - data is in (%wt) – QEMSCAN analysis. 

 

 

RT 4A – WA26965 

Depth: 1900.9 (m)      - MICP 
 

 

 

 

 

 

 

 

 

 

 

  

30.21

3.427.85

5.75

0.740.701.26

19.14

2.19

16.96

7.10

0.51 0.00

Mineralogical composition (%wt) Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 3.353 0 0.0654 0.081922 0 0.2979808 0.0294223 0.00214 0.3004 0.0337 0.002463 100 1.954 2.723 2.690

19.49

1.33

5.46
1.26

0.14

0.47

0.54

5.84

0.24

56.00

6.54

0.45 0.00

Mineralogical composition (%wt)

Quartz K Feldspar
Plagioclase Muscovite
Biotite Kaolinite
Chlorite Illite & illite-smectite
Fe-Illite & illite-smectite Calcite

0.00E+00

5.00E-05

1.00E-04

1.50E-04

2.00E-04

2.50E-04

3.00E-04

3.50E-04

1.0010.00100.001000.00

I.
P

.V
 [

m
L/

g]

Diameter [nm]

Pore throat diameter distribution - RT 4

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

A 1.6 0.001148 0.0137 0.103495 0 0.1894246 0.0142899 0.002266 0.2922 0.0149 0.00292 100 0.380 2.712 2.705
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RT 1C – WA26965 

Depth: 1885 (m) 

 

Thin section analysis:  
 

 

 

 

 

 

 

 

 

 

 

  

Faintly to very faintly laminated 

calcareous dolomitic, siltstone. At 

amplified magnification images 

showed interparticle porosity and in 

some intervals, grains are cemented 

by calcite. Detrital framework grains 

include quartz with minor K-feldspar, 

plagioclase, and micas. 

%TOC: 0.745 (%wt) 

Porosity: 2.2 (%) 

Permeability: 101.218 (nd) 

 

38.05

3.17
6.71

2.980.390.59

0.97

10.281.13

21.27

9.17

1.02 0.00

Mineralogical composition (%wt) Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite



181 
 

Additional images – RT 1C 

 

 

Mineralogical composition - data is in (%wt) – QEMSCAN analysis. 

 

 

 

 

 

 

 

 

 

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

1.013 2.723 2.705

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

A 3.14 0 0.0421 0.253688 0.000137054 0.3733475 0.0325281 0.003634 0.3473 0.0544 0.00309 100

A B 

C D 

50 µm 50 µm 

50 µm 50 µm 
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RT 2B – WA26965 

Depth: 1941.6 (m) 

Thin section analysis:  
 

 

 

 

 

 

 

 

 

 

 

 

Well laminated to laminated (minor 

bioturbation?), slightly argillaceous 

dolomitic, calcareous siltstone. 

Laminae have sharp basal contacts 

and are normally graded. Framework 

grains include quartz and plagioclase 

with minor K-feldspar and micas. At 

amplified magnification, grains are 

cemented by Fe-dolomite/dol. 

Detrital clays and organics are notice 

occluding the remanent pore space. 

%TOC: 1.75 (%wt) 
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10.1810.12
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0.08
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8.72

0.27

6.77

14.79

4.73

0.02

Mineralogical composition (%wt) Quartz

K Feldspar

Plagioclase

Muscovite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan Dolomite

Fe Oxide & siderite
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Additional data – RT 2B 

Mineralogical composition - data is in (%wt) – QEMSCAN analysis. 

 

 

 

 

▪ MICP  

 

 

 

Macroporosity 

(%)

Grain 

Density 

(g/cm³)

Bulk 

Density 

(g/cm³)

7.746 2.717 2.584

Block 

Code
Pyrite Sphalerite Barite Anhydrite Halite

Rutile & Ti 

Silicates
Tourmaline Chromite Apatite Zircon Monazite Total

A 1.818 0.030544 0.0842 0.050471 0.000368587 0.4564665 0.0287855 0.001629 0.35 0.0838 0.003674 100

0.00E+00

2.00E-04

4.00E-04

6.00E-04

8.00E-04

1.00E-03

1.20E-03

1.40E-03

1.0010.00100.001000.00

I.
P

.V
 [

m
L/

g]

Diameter [nm]

Pore throat diameter distribution - RT 2

A1 A2 

B C 

20 µm 

20 µm 50 µm 

20 µm 

Qtz overgrowth 

Euhedral to sub euh. 

Fe-dol /dol 

Euhedral. Fe-dol /dol 

Detrital clays & OM 

Well cemented grains by Fe-

dol/dol cements 

Euhedral to sub euh. Fe-dol 

/dol & Ca dissolution 

Ca cement 

py replacement 


