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SUMMARY 

Immature organic-rich Ordovician mudstone and limy shale source rocks were 

artificially matured using modified hydrous pyrolysis in an attempt to characterize the 

thermal maturation history and hydrocarbon generation scenario. The experimental hydrous 

pyrolysis temperature range of 310-350 
o
C for 72 hours corresponds to hydrocarbon 

generation (HCG) at laboratory timescales.   The Rock-Eval (RE) results show that the Tmax 

of the pyrolyzed samples increased from 413 
o
C to 450 

o
C after the last stage (350 

o
C) of

hydrous pyrolysis.  Solvent extraction and RE analysis of pyrolyzed rock chips indicates that 

Tmax suppression is associated with the high amount of free hydrocarbons and soluble solid 

bitumen or extractable organic matter in the samples.    

The estimated vitrinite reflectance equivalent values calculated from the measured 

Tmax (0.67 to 1.03 %Roeqv-ext), chitinozoan (0.68 to 1.1 %Roeqv) and bitumen (0.75 to 1.08 

%Roeqv) reflectance are in excellent agreement and indicate that all artificially matured 

samples reached HCG at 310°C.   Organic petrographic analysis of the pyrolyzed rock chips 

from hydrous pyrolysis shows that bituminite and other amorphous kerogen are the first 

macerals to thermally degrade, followed by prasinophyte alginite.  Some of the pore spaces 

created by the thermally degraded amorphous kerogen and bituminite are partially filled by 

soluble heavy bitumen.  The solubility of the solid bitumen and the amount of free 

hydrocarbons decreases, and the fluorescence intensity of liptinite macerals shifts from 

bright yellow to reddish orange with increasing pyrolysis temperature.  Free hydrocarbons in 

fracture and intergranular pore spaces were also observed in the rock matrix after hydrous 

pyrolysis.   

Peak hydrocarbon generation occurs between pyrolysis temperatures of 330 and 350 

o
C with measured Tmax values of 439 to 455 

o
C after solvent extraction.  The quantity of

generated hydrocarbons ranges from 22.75 to 166.22 mg HC/g TOC.  Comparisons of the 

calculated TRs of HI and S2 from unextracted and extracted pyrolyzed rock chips clearly 

indicate that the unextracted samples underestimate the residual hydrocarbon potential of the 

pyrolyzed source rocks. The underestimation appears to be higher during the formation of 

heavy oil and soluble bitumen, which declines exponentially as the pyrolysis temperature 

increases. 
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Comparative analysis of the geochemical data from the offshore wells from the 

Hudson Bay Basin and the results of this study suggest that the observed large Tmax variation 

among the samples from the offshore wells cannot be attributed to Tmax suppression 

associated with a high amount of soluble organic matter and labile hydrocarbons.  Almost all 

of the RE parameters show no indication of in-situ oil generation and migration.  

Petrographically, none of these previously analyzed offshore Upper Ordovician formations 

showed any direct evidence of in-situ hydrocarbon generation and migration unlike those 

observed in the artificially matured samples.  If indeed the measured and estimated Tmax 

values (>435 
o
C) are the effective maximum and current burial temperatures of these organic

rich formations, migrated solid bitumen and free hydrocarbon will be visible within the 

intergranular pore spaces of the rock matrix at this level of thermal maturity.  



INTRODUCTION 

Past and recent geochemical analyses of Upper Ordovician potential source rocks from 

the Hudson Bay and adjacent Foxe basins have documented some interesting but yet 

intriguing data (Macauley et al, 1990; Zhang, 2008, 2011; Lavoie et al., 2013, 2015a). These 

potential source rocks are rich in total organic carbon (TOC) up to 34%, have very high 

hydrogen indices (HI) and are either immature (onshore outcrop samples) or early mature 

(offshore well cuttings) based on their relatively low Tmax values (Zhang, 2008; Lavoie et 

al., 2013).  These source rocks are also characterized by the presence of biomarkers 

suggestive of a restrictive, hypersaline and evaporative depositional environment, which is 

also supported by the sedimentary record and the presence of interbedded platform 

evaporites (Lavoie et al., 2013). The thicknesses of the source rock intervals are highly 

variable, from a few metres on Southampton Island in the northern part of Hudson Bay 

(Zhang, 2008) to 10-12 metres on Baffin Island and northern Ontario (Macauley, 1987; 

Lavoie et al., 2013). The source rock organic matter is dominantly Type II sulphur-rich 

kerogen (Macauly et al., 1990). Perceived lack of maturity was one of the critical elements 

raised by the industry to terminate hydrocarbon exploration in the area in the early 1980’s 

(Lavoie et al., 2015) 

Other thermal indicators gathered during the Hudson Bay GEM-1 project raised some 

issues with the thermal maturation of the Upper Ordovician succession of the Hudson Bay 

basin.  Reflectance of various difference macerals suggested that the source rocks from wells 

drilled in the central part of the Hudson Bay Basin (Bertrand and Malo, 2012) are in the oil 

window, and immature to early mature in northern Ontario (Reyes et al., 2011).  However, 

Reyes et al., (2011) did not observe any direct evidence of oil generation in the source rocks.  

Preliminary analyses of apatite fission tracks suggested that the Upper Ordovician source 

rocks could have entered the oil window (Lavoie et al., 2013).  Indirect evidence of a 

working petroleum system, at least locally, include the presence of bitumen, oil staining and 

oil in Upper Ordovician reefs, and lower Silurian and Middle Devonian platform carbonates 

(Heywood and Sanford, 1976; Lavoie et al., 2013, 2015; Eggie et al., 2014).  RADARSAT 

image analyses have also identified 41 reflectance anomalies that could be natural oil slicks 

on seawater; and a number of these are repetitive over time (Decker et al., 2013; Lavoie et 
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al., 2015). 

A detailed re-examination of the Tmax data from the Upper Ordovician succession 

shows that the Tmax values of the source rocks were invariably 3 to 5°C lower than the 

values of the adjacent non-source rock interval (Lavoie et al., 2013). It was thus suggested 

that Tmax was suppressed because of high TOC and HI and that the source rocks have 

already reached oil window conditions and generated some significant volume of 

hydrocarbons (Lavoie et al., 2013, 2015).  

Geological Setting 

The Hudson Bay Basin is the largest intracratonic basin in North America. The 

succession consists mainly of Paleozoic strata, with a maximum preserved thickness of 

about 2500 m (Pinet et al., 2013). The Paleozoic succession includes Ordovician to 

Devonian shallow marine carbonates, reefs and shales with locally thick Devonian 

evaporites.  In some parts of the basin, Paleozoic strata are unconformably overlain by a thin 

Mesozoic/Cenozoic cover of non-marine and marine strata. From 1973 to 1985, over 46,000 

line-km of marine seismic reflection data were acquired and 5 offshore exploration wells 

drilled, mostly in the central part of the basin. 

Seismic data indicate that syn-tectonic sedimentation occurred in Late Ordovician(?), 

Silurian and Early Devonian, with significant depocentre migration with time (Pinet et al., 

2013). Biostratigraphic data, supported by the seismic evidence, indicate an irregular 

subsidence history including exhumation events marked by major unconformities. Available 

hydrocarbon system data were synthesized in five conventional petroleum plays with the 

Upper Ordovician organic matter rich shaley limestones as source rocks (Lavoie et al., 2013, 

2015). 

Proposed Study 

The contradictory thermal maturity indicators and the absence of hydrocarbon shows 

that are directly linked to the Upper Ordovician formations make it difficult to fully 



ascertain whether or not they reached the oil window.  The goal of this experiment is to 

determine hydrocarbon generation and expulsion temperatures for the specific intervals in 

question, and improve understanding of their thermal maturation indices and phases of 

petroleum generation. To accomplish these objectives, artificial maturation of immature 

organic-rich Upper Ordovician source rocks has been carried out in the laboratory using 

hydrous pyrolysis.  The data and information collected from the experiments can be 

compared to and applied to our current understanding of the burial history and hydrocarbon 

generation potential of these formations and the Hudson Bay and Foxe basins as a whole. 

Artificial Maturation 

Artificial maturation of organic rich source rocks has been practiced in the laboratory 

for several decades (Lewan et al., 1979; Seifert and Moldovan, 1980; Lewan, 1985; Lewan 

1987; Lewan, 1993; Winters et al., 1983; Soldan et al., 1988; Peters et al., 1990; Moldovan 

et al., 1992; Behar et al., 1997; Souza et al., 2014; Spigolon et al., 2015). Artificial 

maturation of organic matter is accomplished by attempting to simulate in situ hydrocarbon 

generation, but at elevated temperatures to compensate for shorter laboratory timescales. 

This process provides significant information about the physicochemical changes that result 

in petroleum generation.  One of the most widely used methods for simulating source rock 

maturation is closed system hydrous pyrolysis (Seifert and Moldovan, 1980; Lewan, 1985; 

Lewan 1993; Peters et al., 2005b; Souza et al., 2014; Spigolon et al., 2015).  It can provide 

valuable information on thermal maturation of kerogen, phases and kinetics of petroleum 

generation, and primary hydrocarbon generation and migration (Lewan et al., 1979; Lewan, 

1985; Lewan 1987; Winters et al., 1983; Soldan et al., 1988; Peters et al., 1990; Moldovan et 

al., 1992; Lewan, 1993; Behar et al., 1997; Spigolon et al., 2015).  Studies have shown that 

closed system hydrous pyrolysis may provide a more accurate simulation of natural oil 

generation than other methodologies such as closed system anhydrous pyrolysis (Seifert and 

Moldovan, 1980; Lewan, 1993; Lewan, 1997; Lewan and Roy, 2011, Spigolon et al., 2015).   

The most important aspect of closed system hydrous pyrolysis is that the produced oil 

compositionally resembles oil generated deep in the subsurface (Peters et al., 1990; Noble et 

al., 1991; Moldovan et al., 1992; Spigolon et al., 2015). 
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SAMPLES AND METHODS 

Samples 

Four immature organic-rich, shaley mudstone/limestone outcrop samples were 

collected from the Upper Ordovician Boas River, Red Head Rapids, Amadjuak, and 

Akpatok formations (Figure 1) and used in the experiments (Reyes et al., 2011, Zhang, 

2011; Lavoie et al., 2013, Lavoie et al., 2015). The shaley mudstone sample of the Boas 

River Formation is located south of the Hudson Bay Basin in the northern Ontario. The 

sample from the Red Head Rapids Formation sample location is located north of 

Southampton Island, southeast of the Foxe Basin.  The sample of the Amadjuak Formation 

is positioned in the southern section of the Baffin Island in Nunavut. The sample of the 

Akpatok Formation is located on Akpatok Island in the Ungava Bay, northern Quebec.  

Previous geochemical analysis indicated these samples were deposited in a reducing 

marine paleodepositional environment and have varying dispersed organic matter (DOM) 

content and composition (Zhang, 2011; Bertrand and Malo, 2012; Zhang, 2012; Lavoie et 

al., 2013; Lavoie et al., 2015).  The Boas River Formation has TOC content in the range of 

0.38 to 12.84% (Reyes et al., 2011).  The Red Head Rapids Formation shales have the 

highest TOC (up to 34%) compared to the other formations (Zhang, 2011).  The Amadjuak 

Formation has TOC content ranging between 0.18 and 13.95% (Zhang, 2012).  The brown 

bituminous limestone from the Akpatok Formation has the lowest TOC (0.51 to 2.11%) 

compared to the other formations. Based on the HI and OI data from RE analyses these 

formations contain mostly Type II kerogen (Zhang, 2011; Reyes et al., 2011; Zhang, 2012; 

Lavoie et al., 2013; Lavoie et al., 2015).  The most important differences among these 

formations with respect to the organic facies are the local abundance of qualifier organic 

facies like Gloeocapsomorpha prisca (G. prisca) and zooclast graptolite, chitinozoan, 

conodont and other calcareous microfossils (Zhang, 2011; Reyes et al., 2011; Bertrand and 

Malo (2012); Zhang, 2012; Lavoie et al., 2013). 



Figure 1. Map showing the extent of the Hudson Bay Basin and adjacent basins. Faults in the central 

Hudson Bay Basin (central high) are from Pinet et al. (2013a). Faults in the Hudson Strait are from 

Pinet et al. (2013b). Multichannel industry seismic lines and Geological Survey of Canada high-

resolution seismic lines are depicted, with mapped areas where the seismically-imaged sedimentary 

succession is deeper than 1s two-way time. Bathymetric contour intervals are 100 m (330 ft). Exploration 

wells: A, Premium Homestead L-26 Akpatok; B, Trillium et al. O-23 Beluga; C, Houston et al. No.1 

Comeault; K, Sogepet Aquitaine No.1 Kaskattama; N, Aquitaine et al. O-58 Narwhal South; Ne, ICG et 

al. N-01 Netsiq; P, Aquitaine No. 1 Pen Island; PB, Aquitaine et al. C-11 Polar Bear; W, Aquitaine et al. 

A-71 Walrus; WC, Merland Exploration No. 1 Whitebear Creek. BR is for Boas River Formation 

sample location; RHR is for Red Head Rapids Formation sample location; AM is for Amadjuak 

Formation sample location, and A for Akpatok Formation sample location. Modified from Lavoie et al. 

(2015). 
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Experimental Procedures 

Rock samples were first crushed to 1 to 2 mm sizes to obtain homogenized laboratory 

samples for various analyses. Aliquots of the homogenized samples were then sent for 

petrographic and geochemical analyses to determine the baseline organic facies, thermal 

maturity and bulk geochemical properties of the original samples.  Figure 2 shows a 

simplified diagram outlining the steps taken and analyses performed at every stage of the 

experiment.  Organic petrography was carried out to determine the thermal maturity and 

organic facies of the dispersed organic matter. Rock-Eval analysis was performed on the 

original samples to determine the kerogen type, thermal maturity and oil generation potential 

of each formation.  Aliquots of samples were sent for hydrous pyrolysis for artificial 

maturation of kerogen, which was completed in a standard gas chromatography (GC) oven.   

After each stage of hydrous pyrolysis, the pyrolyzed rock chips were collected, dried 

and split into three aliquots to be sent for Rock-Eval analysis, organic petrology observation 

and organic solvent extraction.   Aliquots of extracted pyrolyzed rock chips were also sent 

for Rock-Eval analysis for comparison with the corresponding unextracted samples. Oil 

collected from the pyrolysis vessels and the solvent extracts were sent for column 

chromatographic separation to separate the saturated, aromatic, resin and asphaltene (SARA) 

fractions.  Whole extracts, saturated fractions and aromatic fractions obtained were analyzed 

by gas chromatography (GC), and gas chromatography-mass spectrometry (GC-MS) 

analysis.  The results from GC and GC-MS analyses will be presented in a separate future 

report. 

Organic Petrography 

Organic petrography is the most commonly used analysis in the study of coal and coal 

combustion (Teichmüller, 1974; Mackowsky, 1982; Stach et al., 1982; Teichmüller 1987; 

Diessel and Bailey, 1989; Taylor et al., 1991; Potter et al., 1998; Stasiuk et al., 2005, 

Goodarzi et al., 2006), and has been applied to conventional and unconventional source rock 

evaluation (Stasiuk, 1993; Stasiuk, 1996; Stasiuk and Fowler, 2004; Reyes et al., 2011; 

Hackley et al. 2013), environmental studies (Reyes et al., 2006), and burial and 



thermotectonic histories of sedimentary basins (Reyes et al., 2015a,b;  Issler et al., 2012).  In 

this study, organic petrography was used to qualitatively and quantitatively evaluate the 

physicochemical changes in kerogen composition within the source rocks after pyrolysis at 

various temperatures.  To conform to accepted standards, the sample preparation followed 

Mackowsky (1982) “Methods and tools of examination” with minor modification to 

accommodate the samples being studied.  ASTM D7708-11 “Standard test method for 

microscopical determination of the reflectance of vitrinite dispersed in sedimentary rocks” 

was also referred to in this study.  Additionally, Jacob (1989) “Classification, structure, 

genesis and practical importance of natural solid oil bitumen (“migrabitumen”)” was also 

used as guidance to characterize the solid bitumen in-situ after each stage of pyrolysis. 

For petrographic observation, crushed whole rock samples were mounted in a one inch 

plastic mold using two part resin to form solid pellets.  These pellets were then polished 

using five types of grinding and polishing materials with the addition of 0.5 and 0.03 

alumina silica emulsions. Random reflectance measurements were carried out on bitumen 

and chitinozoan using Zeiss Axioplan microscope equipped with Fossil System for 

reflectance measurements.  The microscope was calibrated before each analysis using 

precision yttrium-aluminum-garnet standards with a refractive index of 0.906 %Ro under oil 

immersion.  Random reflectance measurements were performed on all the samples following 

ASTM D7708-11.  Whenever possible, a minimum of 50 random reflectance measurements 

were done for each sample.  In some cases, only limited numbers of reflectance 

measurements were made due to the limited quantity of the disseminated kerogen.     

In the absence of true vitrinite macerals in the Upper Ordovician formations, bitumen 

and chitinozoan reflectance were used to estimate the vitrinite reflectance equivalent 

(VReqv).  Chitinozoans are Paleozoic microfossils that are important stratigraphic biomarkers 

(Jenkins, 1970; Lipps, 1993).  Migrated solid bitumen is the secondary product of the 

thermal decomposition of insoluble reactive kerogen in organic-rich rocks during late stage 

diagenesis and into catagenesis (Hunt, 1979; Curiale, 1986; Jacob, 1989; ICCP, 1993). 

There are several equations (Jacob, 1989, 1993; Bertrand, 1993; Landis and Castaño, 1995) 

that are used to correlate bitumen and vitrinite reflectance.  Likewise, there are correlation 

equations to estimate VReqv from measured chitinozoan reflectance as well (Bertrand, 1990; 

Tricker et al., 1992; Obermajer et al., 1996).  Petersen et al. (2013) and more recently 
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Hackley and Cardott (2016)  provided a complete summary of the most commonly used 

correlation equations used to estimate vitrinite reflectance equivalent.    

Rock-Eval Analysis 

Rock-Eval analysis is a well-accepted and cost-efficient geochemical analysis used for 

oil and gas exploration (Tissot and Welte, 1984; Lewan, 1985; Peters, 1986; Bordenave et 

al., 1993; Peters and Cassa, 1994; Lafargue et al., 1998; Peters et al., 2005a; McCarthy et al., 

2011; Spigolon et al., 2015, and references therein).  However, it requires a comprehensive 

understanding of its capabilities and limitations in order to provide correct data 

interpretations.  Readers are referred to Espitalié et al. 1985a, b, and c; Bordenave et al., 

(1993), Peters and Cassa, 1994, Lafargue et al. (1998), Behar et al. (2001) and McCarthy et 

al. (2011) for further details.  Collectively, these scientific publications provide an in-depth 

guide on the application and interpretation of Rock-Eval data for use in petroleum 

exploration. 

RE analysis was used in this study to assess changes in thermal maturity and 

geochemical properties of the source rocks before and after pyrolysis.  The  key RE 

parameters measured are S1 peak (free volatile hydrocarbons in mg HC/g rock), S2 peak 

(residual petroleum generation potential in mg HC/g rock), S3 peak (CO2 from organic 

source, in mg/g rock), TOC (total organic carbon in %), PC [total pyrolyzable carbon 

(S1+S2+S3)], HI [ hydrogen index calculated as (S2 * 100/TOC) in mg HC/g TOC], OI 

[oxygen index calculated as (S3 * 100/TOC) in mg S3/g TOC], Tmax (maximum temperature 

of the S2 peak, in 
o
C) and PI [production index (S1/S1 + S2)].  These measured and

calculated RE parameters are the most extensively used geochemical data in petroleum 

exploration (Espitalié et al. 1985a, b, and c; Lewan, 1985; Bordenave et al., 1993; Peters and 

Cassa, 1994; Lafargue et al., 1998; Behar et al., 2001; Peters et al., 2005a; McCarthy et al., 

2011; Spigolon et al., 2015).   

Hydrous Pyrolysis 



 Conventional closed hydrous pyrolysis uses large 500 to 1000 mL stainless steel Parr 

reactors with pressurized head space placed inside large electric heaters (Lewan, 1985).  In 

this study, small stainless steel Swagelok plugs and caps (Figure 2) were used to build mini 

reactors (Hackley et al, 2013).  The mini reactor has a total volume of 35 milliliters.  For 

each pyrolysis, two-gram aliquots of the homogenized crushed rocks (ca 2mm particle size) 

were placed inside the reactors.  Five milliliters of distilled water was added in each reactor, 

enough to submerge the rock chips and keep the produced hydrocarbon separated from the 

rock.  The pyrolysis was carried out inside a GC oven at isothermal temperatures of 310, 

320, 330, 340 and 350 
o
C for 72 hours (Hackley et al., 2013).  These temperatures are well 

within simulated thermogenic hydrocarbon generation window based on previous hydrous 

pyrolysis studies (Lewan, 1985; Lewan, 1993; Lewan and Ruble, 2002; Hackley et al, 2013; 

Spigolon et al., 2015).  The advantages of this modified technique are that it can be done 

quickly and with a small amount of sample. The key disadvantage of this technique is its 

inability to capture, quantify and analyze the produced gas after the completion of hydrous 

pyrolysis. 

  

Organic Solvent Extraction 
  

 Organic solvent extraction is also one of the most widely used procedures in organic 

geochemistry (Peters, 1986; Peters et al., 2005a; Peters et al., 2005b; Spigolon et al., 2015 

and references therein). This process separates and concentrates most of the free 

hydrocarbons and soluble bitumen (asphaltite and ozocerite) stored in the rock matrix, 

leaving behind the residual hydrogen-rich reactive insoluble kerogen and non-reactive 

organic carbon (Peters et al., 2005a; Peters et al., 2005b and references therein).  In this 

study, organic solvent extraction was performed using Soxhlet apparatus with 

dichloromethane (DCM) as solvent and heated at 40 
o
C for 24 hours.   
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Figure 2. Simplified diagram showing modified hydrous pyrolysis technique and subsequent geochemical and organic petrographic analyses 

performed on the various aliquots before and after each stage of hydrous pyrolysis.  



RESULTS AND DISCUSSION 
 

Original Samples 
  

RockEval Results 

  

 The TOC contents of the organic-rich shale samples of Amadjuak, Akpatok, Boas 

River and Red Head Rapids formations are 11.04, 3.14, 7.69 and 10.36 %, respectively 

(Table 1), with corresponding pyrolyzable carbon values of 5.85, 1.74, 4.17 and 5.60 (%).  

S1 is measured at 2.42, 0.86, 2.00 and 2.14 (mg/g rock) for Amadjuak, Akpatok, Boas River 

and Red Head Rapids formations, respectively (Table 1), and corresponding S2 values are 

66.56, 19.64, 47.36 and 63.97 (mg/g rock), respectively.  The hydrogen index (HI) ranges 

from 603 to 625 mg HC/ g TOC and the oxygen index (OI) ranges from 13 to 19 mg HC/g 

TOC (Table 1).  Their measured Tmax values are 421, 423, 424 and 413 
o
C (Table 1).  The PI 

ranges from 0.03 to 0.04 (S1/ S1+S2) and calculated S2:S3 ratios range between 32 and 46 

(Table 1).  

The pseudo Van Krevelen diagram shows that these samples are Type II-1 kerogen 

(Figure 3) most likely deposited in an anoxic marine environment. All the key sources rock 

evaluation parameters (TOC, S2, and S1) indicate that these Upper Ordovician samples have 

very good to excellent hydrocarbon generation potential.  The measured and calculated 

thermal maturity and oil generation parameters (Tmax, PI, S2:S3, Table 1) show that they 

are indeed immature to marginally mature source rocks according to widely recognized 

source rock evaluation criteria by Peters and Cassa (1994) and McCarthy et al. (2011).     

 

Organic Petrography 

  

 Qualitative and semi-quantitative petrographic analysis shows that the most abundant 

organic macerals in these source rocks are amorphous kerogen and fluorescing and non-

fluorescing bituminite derived from disseminated alginite (Figure 4).  These are followed by 
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bright to weak yellow fluorescing alginite and prasinophyte-derived liptodetrinite 

disseminated throughout the rock matrices (Figure 4a-j), which can also be observed as 

inclusions within bituminite and amorphous kerogen laminae (Figure 4a-c). Similarly, 

disseminated non-fluorescing and bright to weak yellow fluorescing prasinophyte alginite 

[e.g. Tasmanites sp., Leiosphaeridia sp. and Gloeocapsomorpha prisca (G. prisca)] and 

acritarch (Figure 4b-f) were also observed in these formations.  Significant to minor amounts 

of zooclast macerals including chitinozoan, graptolite, other calcareous macro-and micro-

fossils (possibly conodont) were also identified in these units (Figure 4i-l).   

 It is important to recognize that the kerogen composition (organic facies) varies greatly 

among these formations.  In general, the variations in kerogen composition are attributed to 

the dissimilarities in spatial, temporal and paleodepositional environment (Tyson, 1995; 

Stasiuk 1996; Stasiuk and Fowler, 2004; Peters et al., 2005a).  The Boas River Formation 

mudstone has one of the highest concentrations of acritarch and chitinozoan zooclast in 

comparison to the other formations (Figure 4d, h-j). Trace amounts of graptolite and 

conodont microfossils were also identified in the Boas River Formation. The Akpatok 

Formation on the other hand has the highest concentration of large colonies of thick walled 

G. prisca and graptolites (Figure 4e-f, k-l) with trace amounts of chitinozoans. Both the Red 

Head Rapids and Amadjuak formations are dominated by amorphous kerogen and 

bituminite with rare amount of chitinozoans and calcareous microfossils (Figure 4k).   

 All these samples have rare to trace amounts of identifiable solid bitumen that can be 

accurately measured, except for the rare micro-size inclusions found in the bituminite 

matrix.  Spheroidal matrix resembling bitumen and corpohuminite (Figure 4i) are possibly 

fragments of chitinozoan or species of small chitinozoan such as those presented in Jenkins 

(1970).  In the graptolite-rich Akpatok Formation, some of the small spheroidal matrix 

appears to be small pieces of graptolite similar to one observed in Figure 4g.      

 

Post Hydrous Pyrolysis 

 
 



 
Table 1.  Rock-Eval results of unextracted original and pyrolyzed rock samples including the calculated transformation ratio (TR) based on HI 

and S2 respectively, and the amount of hydrocarbon expelled and collected in the water column. 

 

 

Prolysis 

Temperature
Qty TOC Tmax S1 S2 S3 PI S2/S3 PC HI OI TR HI TR S2 #HCexpelled

 (oC) (mg)  (%) (oC) (mg/g rock) (mg/g rock) (mg/g rock) (S1/S1+S2) S2/S3  (%)
(mg S2/g 

TOC

(mg S3/g 

TOC)
 %  %

(mg HC/g 

TOC)

Original 70.7 11.04 421 2.42 66.56 2.08 0.04 32.00 5.85 603 19 0 0 0

310 70.3 9.65 432 6.29 49.08 0.20 0.11 245.40 4.67 509 2 16 26 nw*

320 70.6 9.10 435 7.48 40.85 0.17 0.15 240.29 4.04 449 2 26 39 37.64

330 70.4 8.65 438 7.44 30.43 0.25 0.20 121.72 3.17 352 3 42 54 63.41

340 70.1 7.89 442 7.03 19.93 0.43 0.26 46.35 2.28 253 5 58 70 95.53

350 70.6 7.37 448 7.02 14.75 0.21 0.32 70.24 1.85 200 3 67 78 152.85

Original 70.7 3.14 423 0.86 19.64 0.60 0.04 32.73 1.74 625 19 0 0 0.00

310 70.5 2.44 432 1.54 13.64 0.19 0.10 71.79 1.28 559 8 11 31 19.47

320 70.8 2.13 435 1.79 9.03 0.30 0.17 30.10 0.94 424 14 32 54 nw

330 70.5 1.86 439 1.20 6.31 0.29 0.16 21.76 0.65 339 16 46 68 102.28

340 70.2 1.69 445 1.01 4.17 0.31 0.19 13.45 0.45 247 18 60 79 163.02

350 70.3 1.61 450 1.02 2.96 0.25 0.26 11.84 0.35 184 16 71 85 139.13

Original 70.3 7.69 424 2.00 47.36 1.03 0.04 45.98 4.17 616 13 0 0 0.00

310 70.4 6.19 437 2.58 22.84 0.10 0.10 228.40 2.16 369 2 40 52 nw

320 70.2 6.30 438 5.71 25.75 0.32 0.18 80.47 2.67 409 5 34 46 nw

330 70.9 5.79 441 4.15 20.58 0.30 0.17 68.60 2.09 355 5 42 57 22.75

340 70.2 5.52 445 4.41 15.71 0.26 0.22 60.42 1.70 285 5 54 67 56.93

350 70.5 5.54 450 5.97 12.06 0.21 0.33 57.43 1.52 218 4 65 75 51.74

Original 70.2 10.36 413 2.14 63.97 1.71 0.03 37.41 5.60 617 17 0 0 0.00

310 70.6 8.70 431 6.65 41.85 0.18 0.14 232.50 4.06 481 2 22 35 nw

320 70.1 8.11 435 8.14 32.17 0.30 0.20 107.23 3.39 397 4 36 50 68.59

330 50.7 7.16 440 6.46 20.97 0.30 0.24 69.90 2.32 293 4 53 67 77.69

340 70.3 6.72 445 5.91 14.84 0.30 0.28 49.47 1.77 221 4 64 77 166.22

350 70.3 6.81 449 6.87 11.35 0.22 0.38 51.59 1.55 167 3 73 82 108.92

Sample 

Name & 

Location

*nw =  no weight recorded; #collected from the ware column after hydrous pyrolysis; *S1 = free volatile hydrocarbons (in mg HC/g rock); S2 = residual petroleum generation potential (in mg HC/g rock); TOC = total organic carbon (%); PC = total 

pyrolyzable carbon (S1+S2+S3); HI = hydrogen index (S2 * 100/TOC; in mg HC/g TOC); OI = oxygen index (S3 * 100/TOC; in mg S3/g TOC); S3 = CO2 from organic source (in mg/g rock); Tmax = maximum temperature at S2 peak (in oC); PI = production 

index (S1/S1 + S2) ; TRS2 = (S2original – S2residual)/(S2original)*100; TRHI = (HIoriginal – HIresidual) / HIoriginal)*100 
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Figure 3.  Pseudo Van Krevelen Diagram showing Kerogen Type before and after hydrous pyrolysis.  

Values circled in blue are the original in-situ outcrop samples.    

  



Rock-Eval Results 

  

 The key RE parameter used to determine the thermal maturity of source rocks in 

relation to its hydrocarbon generation potential is the Tmax (Peters and Cassa, 1994; Lafargue 

et al., 1998; Behar et al., 2001; Peters et al., 2005a, McCarthy et al., 2011).  The measured 

Tmax increased to 431-437 
o
C and 448-450 

o
C from the original 413 to 424 

o
C values, after 

pyrolysis at 310 
o
C and 350 

o
C for 72 hours, respectively.  The Boas River Formation 

sample reached maturity for hydrocarbon generation (Tmax = 435-465 
o
C, Peters and Cassa, 

1994 and McCarthy et al., 2011) with a measured Tmax of 437 
o
C after the first pyrolysis step 

(310 
o
C). The Amadjuak, Akpatok and Red Head Rapids formations samples reached early 

maturity (431-432 
o
C) after the 310 

o
C pyrolysis.  The removal of solvent-extractable 

soluble organics and subsequent Rock-Eval analysis indicates that all samples reached 

hydrocarbon generation with Tmax ≥435 
o
C after 310 

o
C pyrolysis (Figure 5 and Table 2). 

These Tmax values are much higher than the values for unextracted samples presented in 

Table 1 and Figure 6.  Once again, Boas River Formation samples have a higher Tmax (441 

o
C) than the samples from the other formations (435-436 

o
C). The pyrograms in Figure 5 

clearly show that the Tmax increased after the removal of soluble organics.  Tables 1 and 2, 

as well as Figure 6, show that the Tmax of extracted samples are consistently higher 

compared to the unextracted samples at every pyrolysis temperature point.   

 Using the equation of Jarvie et al (2001) [Tmaxeq, %Ro = 0.018(Tmax) – 7.16], the 

calculated VReqv of the measured Tmax of the extracted samples (Table 2) is between 0.67 to 

1.03 %Roeqv.  The estimated peak burial heating temperatures required to reach these values 

of Tmax and VReqv are 104 to 131 
o
C according to Barker and Pawlewicz (1994). All 

formations show strong positive linear correlations (R
2
 ≥ 0.86) between Tmax values and 

pyrolysis temperatures for both unextracted and extracted pyrolyzates (Figure 6), indicating 

that all samples have been artificially matured. 

 It is important to note that in Rock-Eval 6, the standard relative peak temperature, 

Tmax, (Figure 5) is calculated using the equation TpS2 – ΔTmax after the S2 peak maximum 

(Tpeak) is reached, (Behar et al., 2001).  This correction is necessary to compensate for the 

difference in apparatus setup between the Rock-Eval 2 and Rock-Eval 6 (Espitalié et al., 

1985a, b, c).  In the Rock-Eval 2, the temperature probe measures the oven temperature  
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Figure 4.  Photomicrographs showing variations in dispersed organic matter (DOM), arrows indicate the same image under white and UV light. a-

c) Amorphous kerogen (am) and weak fluorescing bituminite (bt) with yellow fluorescing alginite [A, Tasmanites sp. (T), Leiosphaeridia sp. (L)] 

inclusions.  d) Dispersed fine grained, weak fluorescing liptodetrinite (lp) with bright greenish yellow fluorescing acritarch (ac) inclusion. e-f) 

Large colony of G. Prisca (G) surrounded by granular bituminite (bt), amorphous (am) kerogen and disseminated fluorescing alginite (A).  g-h) 

Organic rich matrix showing bituminite and graptolite (gp) zooclast and acritarch (ac) with weak yellow fluorescing disseminated liptodetrinite 

(lp) and bright yellow fluorescing alginite (A). i-j) Chitinozoan with small prasinophyte alginite (A) in mudstone matrix. k-l) Large graptolite (gp) 

and calcareous microfossils (cm, conodonts?) in organic rich matrix. Reflected white and UV light in oil, 50 x magnifications, scale 50 microns.  

a b c d

e f g h

i j k l
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 whereas in the Rock-Eval 6 the probe measures the effective temperature of the sample.  

Rock-Eval 6 provides a more accurate measurement of the effective Tmax (Behar et al., 

2001).         

  The differences in measured Tmax amongst these formations may be attributed to the 

variations in thermal conductivity due to varying lithology and mineralogy (Espitalié et al., 

1980; Yang and Horsfield 2016).  Shale has much lower thermal conductivity than 

limestone (Clark, 1966; Blackwell and Steele, 1989; Eppelbaum et al., 2014). These 

differences in thermal conductivity may delay thermal maturation of organic rich shales 

compared to organic lean limestones under the same thermal regime (McTavish, 1998).  The 

overall kerogen type found the source rocks can also affect the Tmax (McCarthy et al., 2011) 

due to the variation in activation energy of the different kerogen macerals (Petersen et al., 

2004; Hakimi et al., 2015).  In general, lacustrine deposits have lower and narrow activation 

energy distributions than marine deposits (Tissot et al., 1987, Jarvie, 1991; Pepper and 

Corvit, 1994; Tegelaar and Noble, 1994; Petersen et al., 2002; Petersen et al., 2004)  

 S2 and TOC (Table 1, Figure 7 and Figure 8) decrease with increasing pyrolysis 

temperature, in contrast to S1 (Table 1, Figure 9).  S2 values decline from 19.64-66.56 mg 

HC/g rock (original) to 2.96-14.75 mg HC/g rock after the last stage of hydrous pyrolysis 

(Table 1). The best-fitting regression lines indicate a strong negative (exponential) 

correlation (R
2
 = 0.84 to 1.00) between S2 and pyrolysis temperature (Figure 7).  S2 

decreases for all formations after extraction (Table 2 and Figure 7).  The RE pyrograms 

(Figure 5) clearly illustrate the significant decrease in the main S2 peak area and the 

disappearance of the small front shoulder in comparison to the unextracted pyrolyzed rock 

chips.  This suggests that large quantities of residual labile hydrocarbon and soluble bitumen 

are present in the S2unextracted peak.  Figure 7 also illustrates the exponential rate of thermal 

decomposition of H-rich insoluble kerogen to petroleum products such as soluble bitumen, 

free hydrocarbons, gas and pyrobitumen.       

 The TOC content of samples from the Amadjuak, Akpatok, Boas River and Red Head 

Rapids formations decreased from 11.04 to 7.37, 3.14 to 1.61, 7.69 to 5.54 and 10.36 to 6.81 

(%), respectively, after the last stage of pyrolysis at 350 C (Table 1). As expected, the 

subsequent removal of extractable soluble organics further decreased the TOC (Table 2, 

Figure 8).  This is clearly illustrated in Figure 5b by the significant decline in S1 and S2 
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Table 2. Rock-Eval results of extracted un-pyrolyzed original and pyrolyzed source rock samples including the calculated transformation ratio (TR) 

of the measured S2 and calculated HI.   

 

 

 

Prolysis 

Temperature
Qty TOC Tmax S1 S2 S3 PI S2/S3 PC HI OI TR HI TR S2

 (oC) (mg)  (%) (oC) (mg/g rock) (mg/g rock) (mg/g rock) (S1/S1+S2) S2/S3  (%)
(mg S2/g 

TOC

(mg S3/g 

TOC)
 %  %

Original 70.7 10.27 421 0.41 60.34 2.11 0.01 28.60 5.18 588 21 na na

310 70.3 7.43 436 0.13 31.97 0.15 0.00 213.13 2.70 430 2 27 47

320 70.3 6.80 439 0.16 21.87 0.16 0.01 136.69 1.86 322 2 45 64

330 50.8 5.13 439 0.09 14.48 0.24 0.01 60.33 1.26 282 5 52 76

340 40.5 6.39 446 0.22 10.88 0.34 0.02 32.00 0.97 170 5 71 82

350 50.4 5.94 451 0.15 7.34 0.31 0.02 23.68 0.66 124 5 79 88

Original 70.8 2.85 424 0.09 18.51 0.73 0.00 25.36 1.60 605 26 na na

310 71.0 1.70 436 0.03 8.04 0.21 0.00 38.29 0.69 473 12 22 57

320 69.8 1.47 439 0.04 5.38 0.22 0.01 24.45 0.47 366 15 40 71

330 70.8 1.34 443 0.04 3.76 0.21 0.01 17.90 0.33 281 16 54 80

340 70.5 1.37 446 0.02 2.33 0.28 0.01 8.32 0.22 170 20 72 87

350 70.7 1.32 452 0.02 1.57 0.21 0.01 7.48 0.15 119 16 80 92

Original 70.1 7.61 425 0.26 44.44 1.27 0.01 34.99 3.82 584 17 na na

310 50.4 4.57 441 0.26 15.76 0.27 0.02 58.37 1.37 240 4 59 65

320 50.3 4.43 440 0.19 14.17 0.26 0.01 54.50 1.23 320 6 45 68

330 50.9 4.26 444 0.15 11.63 0.25 0.01 46.52 1.02 273 6 53 74

340 71.0 4.46 447 0.18 9.51 0.22 0.02 43.23 0.84 213 5 64 79

350 70.2 4.28 454 0.14 6.31 0.22 0.02 28.68 0.56 147 5 75 86

Original 70.5 9.63 415 0.50 57.21 1.88 0.01 30.43 4.93 594 20 na na

310 71.0 6.32 435 0.22 22.77 0.22 0.01 103.50 1.94 360 3 39 60

320 70.6 5.82 439 0.43 16.91 0.30 0.02 56.37 1.48 291 5 51 70

330 70.4 5.50 443 0.28 11.32 0.30 0.02 37.73 1.01 206 5 65 80

340 69.9 5.41 448 0.22 8.44 0.27 0.03 31.26 0.76 156 5 74 85

350 71.0 5.62 455 0.17 5.97 0.19 0.03 31.42 0.54 106 3 82 90

NA = Not avialable

Sample 

Name & 

Location
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Figure 5.  Typical Rock-Eval pyrograms (Read Head Rapids Formation) after hydrous pyrolysis at 320 
o
C, before (a) and after (b) organic solvent 

extraction. The extraction removes extractable organic matter such as free hydrocarbons and soluble organics (bitumen/asphaltite). The 

accompanying tables show some of the key RE parameters. a) Shows high amount S1 and S2 in the pyrolyzed source rocks.  b) Pyrograms of 

extracted samples (solid blue curve) and unextracted pyrolyzed source rocks (dashed curve).   
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Figure 6.  Rock-Eval Tmax values of the original and pyrolyzed samples, before and after solvent extraction as a function of pyrolysis temperature. 

These graphs show increase in the thermal maturity after each stage of hydrous pyrolysis.   



peaks, which represent the amount of free hydrocarbons and soluble bitumen extracted from 

the pyrolyzed rock chips.  It is important to note that the TOC is the combined total of the 

free hydrocarbons (S1), soluble heavy organic and insoluble reactive kerogen (S2) and non-

reactive residual carbon in the source rocks (Peters and Cassa; 1994; Lafargue et al., 1998; 

McCarthy et al., 2011).  Although large quantities of hydrocarbons were expelled into the 

water phase, some of the free hydrocarbons remained and re-adsorbed in the rock matrix 

together with soluble bitumen (i.e. asphaltite).  As the thermal maturity continues to 

increase, this soluble solid bitumen will continue to thermally crack into hydrocarbon, gas 

and insoluble pyrobitumen (Jacob, 1989; Jacob, 1993).  The formation and accumulation of 

insoluble pyrobitumen contributes to the subsequent minor increase in TOC content of the 

extracted samples as the thermal maturity increase results in a polynomial rather than 

exponential trend (Figure 8).  The removal of solvent-extractable soluble organics provides 

a more accurate representation of the correlation between residual TOC (reactive and non-

reactive) and pyrolysis temperature (Figure 8) in comparison to the unextracted samples. 

  

 S1 (mg HC /mg rock) measures the amount of free hydrocarbons retained in the source 

rocks or in the reservoirs.  It is one of the key parameters used to evaluate the hydrocarbon 

potential of source rocks (Lewan, 1985; Peters and Cassa, 1994; Lafargue et al., 1998; 

Behar et al., 2001; Peters et al., 2005b; McCarthy et al., 2011, Spigolon et al., 2015).  The 

S1 values increase to 1.02 – 7.02 HC/ g rock at 350 
o
C from the original 0.86 - 2.42 mg HC/ 

g rock (Table 1).  The increased in S1 values indicates that hydrocarbons have been 

generated during hydrous pyrolysis.  Figure 9 illustrates that the hydrocarbon retention rate 

varies slightly between the formations, with the Akpatok Formation having the lowest.  The 

difference in retention may be due to matrix porosity variance and unrecognized possible 

post pyrolysis sample processing error.  Rock-Eval results of extracted samples indicate that 

a significant portion of S1 was removed by organic solvent extraction from all the 

formations (Table 2, Figure 9).  Figure 5b clearly shows a significant decrease in S1 peak 

after extraction in comparison to the unextracted samples (Figure 5a).  These changes are all 

attributed to the removal of S1 free hydrocarbons from the rock matrix.  

 The subsequent decline in S1 after reaching peak hydrocarbon generation corresponds 

to the increase in hydrocarbon expulsion as noted in Table 1, as well as the thermal cracking 
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Figure 7. Variation of Rock-Eval S2 values with pyrolysis temperature for both non-extracted and extracted pyrolyzed samples in this study. SO 

are soluble organics (bitumen, i.e. asphaltite) and labile hydrocarbons present in tight pore spaces in the S2 that cannot be released into S1 peak 

but can be solvent-extracted. 



 

 

Figure 8. Variation of TOC content with pyrolysis temperature for both non-extracted and extracted pyrolyzed samples.  S1+SO are the amount 

of labile hydrocarbon and soluble organic in S2 matter in the solid residues from pyrolysis.   
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Figure 9. Rock-Eval S1 after hydrous pyrolysis, before and after solvent extraction as a function of pyrolysis temperature (
o
C).  These graphs 

show the concentration of free hydrocarbons adsorbed and stored in rock matrix after each stage of hydrous pyrolysis.  Predicted S1 curve is 

based on the original S1values and its subsequent decline with increasing thermal maturity.   



of liquid hydrocarbons to gaseous hydrocarbons.  The predicted S1 curves (Figure 9) 

illustrate the production rate of S2-derived hydrocarbons from the start of hydrocarbon 

generation during the catagenesis and into the gas window.  As expected, the increase in S1 

(Figure 9) is inversely related to the decrease in S2 (Figure 7), since S1 is a by-product of 

the thermal degradation of kerogen (S2) (Tissot and Welte, 1984; Lafargue et al., 1998; 

Behar et al., 2001; McCarthy et al., 2011).   

 In the subsurface, the amount of in-situ S1 in the source rocks will depend upon the 

availability of migration pathways during and after hydrocarbon generation (Tissot and 

Welte, 1981; Noble et al., 1991; Peters, and Cassa, 1994).  If the amount of S1 in the rock 

matrix exceeds that of the S2, possible hydrocarbon migration (Tissot and Welte, 1984) or 

contamination (Lafargue et al., 1998; Tissot and Welte, 1984) may have occurred.     

  

 Hydrogen index decreased from 603-625 mg HC/g TOC (original) to 167-218 mg 

HC/g TOC (Table 1, Figure 10) after 350 C pyrolysis.  All formations show a strong 

negative linear correlation between HI and pyrolysis temperature with the exception of the 

Boas River Formation (Figure 10) due to the significantly lower HI after the 310 
o
C 

pyrolysis step.  Since all the samples have very similar HI values prior to hydrous pyrolysis, 

it would suggest that a higher percentage of the hydrogen was released by the sample from 

the Boas River Formation compared to the other formations after the 310 
o
C pyrolysis step 

in comparison to the other samples.  The amount of hydrocarbons collected in liquid 

pyrolyzates (Table 1) and S1 (Figure 9) in the pyrolyzed residues suggest that some 

hydrogen was converted into gas. Unfortunately, due to the physical limitation of this 

modified hydrous pyrolysis, the amount of produced gas was not quantified. After the 

solvent extraction, the HI decreased significantly as the heavy free hydrocarbons and 

soluble bitumen were removed (Table 2 and Figure 10) from the rock matrix. The extraction 

of free hydrocarbons and soluble bitumen illustrate that the relationship between the HI and 

temperature is curvilinear (exponential R
2
 ≥ 0.98) rather than linear (Figure 10).    

  

 The calculated PI increased exponentially from 0.03-0.04 to 0.26-0.38 with increasing 

pyrolysis temperature (Table 1 and Figure 11). The increase in PI is the direct result of the 

conversion of the reactive insoluble kerogen (S2) into free hydrocarbons (S1) during 
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Figure 10.  Calculated hydrogen index (HI) after hydrous pyrolysis, before and after solvent extraction as a function of pyrolysis temperature.  SO 

represents the quantity of un-expelled free hydrocarbons and soluble organics (bitumen, i.e. asphaltite) removed by the solvent extraction.   

 

 



 

Figure 11. Calculated production index (PI) after pyrolysis, before and after solvent extraction as a function of pyrolysis temperature (
o
C).  These 

graphs show the concentration of free hydrocarbons adsorbed in the rock matrix after each stage of hydrous pyrolysis and solvent extraction.   
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thermal degradation of reactive kerogen (Lewan, 1985; Lafargue et al., 1998; Behar et al., 

2001; McCarthy et al., 2011; Spigolon et al., 2015). The PI clearly indicates that all 

formations are immature (PI <0.10, Peters and Cassa, 1994; McCarthy et al., 2011) prior to 

hydrous pyrolysis.  Only after the first pyrolysis step that all the formations reached HCG 

level of maturity (PI = 0.10-0.40, Peters and Cassa, 1994; McCarthy et al., 2011) (Figure 

11).  

 Pyrolyzable carbon (PC) decreased from 1.74-5.85 to 0.35-1.85 % (Table 1) after 

hydrous pyrolysis, a similar decrease is observed for the solvent extracted pyrolyzed 

samples (Table 2). The overall decline in PC is also the direct result of the thermal 

degradation and transformation of kerogen. The percentage of PC decreases significantly 

with the extraction of S1 and S2-bound extractable organic matter (Figure 12). 

  

 The as received S2:S3 ratio (32.0- 46.0) also indicates that these samples are immature 

oil (S2:S3 >5, Peter and Cassa, 1994) prone Type II-IS kerogen.  After the 310°C pyrolysis 

the S2:S3 ratio increased to 71.8-245.4 but gradually decreased to 11.8-70.2 after 350 
o
C 

(Table 1). The initial increased in S2:S3 ratio can be attributed to the sharp declined in S3 

after the 310 
o
C pyrolysis in comparison to the S2 concentration (Table 1).  The subsequent 

decreased in S2:S3 ratios were direct results of exponential degradation of S2 and increase 

expulsion rate of the produced hydrocarbon while the S3 remained the generally same.    

 The high S2:S3 ratios of the unextracted and extracted suggest that these samples are 

still immature after the last pyrolysis temperature of 350 °C.  However, the combined 

analysis of the S2:S3 ratios, Tmax, PI and HI (Table 1) indicate that these samples did 

indeed thermally mature and have transformed into oil/gas prone kerogen from oil prone 

Type II-IS kerogen after 350 
o
C pyrolysis.  The S2:S3 ratio will continue to decrease as the 

quantity of residual kerogen continues to decrease with increasing thermal maturity.        

 

Organic petrology of pyrolyzed rock chips 

  

 Bituminite and amorphous kerogen (Figure 13a) were the first organic macerals to 

thermally decompose after the first stage of hydrous pyrolysis, which left behind large pore  

 



 

 

Figure 12. Calculated pyrolyzable carbon (PC) after hydrous pyrolysis, before and after solvent extraction as a function of pyrolysis temperature 

(
o
C).  S1 + SO represent the quantity of hydrocarbons and soluble organics (bitumen, i.e. asphaltite) stored in the rock samples.   
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spaces (Figure 13a-f). This was then followed by the decomposition of small, thin walled, 

weak fluorescing disseminated prasinophyte alginite (Figure 13b).  The overall fluorescence 

properties of the alginite also change from bright yellow to weak orange fluorescence 

(Figure 13b).  These changes in fluorescence properties are, at times, not easily discernable 

due to the high volume of bright fluorescing free hydrocarbons within the rock matrix 

(Figure 13b-d). The retained hydrocarbons were observed predominantly within fracture 

zones and intergranular pore spaces along the edges of the rock matrix (Figure 13b-c).  

Weakly orange fluorescing thick-walled Tasmanites sp. alginite can still be observed after 

330 °C pyrolysis, some with bright fluorescing bitumen inclusions (Figure 13d). Some of 

the pore spaces vacated by the bituminite and amorphous kerogen were filled by fluorescing 

and non-fluorescing soluble bitumen (Figure 13c-e).  Most of the observed bitumen rapidly 

dissolved and became mobile within seconds of being exposed to UV light under a confocal 

microscope, especially those formed at lower (310 to 330
o
C) pyrolysis temperatures (Figure 

13b-d).  Together with the adsorbed free hydrocarbons they formed a thick bright 

fluorescing hydrocarbon layer on the surface of the rock matrix (Figure 13b-d). As the 

pyrolysis temperature increased, the solubility of the solid bitumen under the UV light 

decreased, leaving partially dissolved and etched bitumen (Figure 13d-f).  Some of this 

partially dissolved bitumen may still be soluble to organic solvent DCM depending on the 

type of bitumen (i.e. grahamite) macerals and thermal maturity (Jacob, 1989).  

 Chitinozoan and bitumen reflectance also increased with increasing pyrolysis 

temperatures.  The measured chitinozoan reflectance of the Boas River Formation increased 

from 0.75 (original) to 0.87 and 1.39 %Rochi after 310 and 350 
o
C of pyrolysis, respectively 

(Figure 14). Using several most frequently used equations, the calculated VReqv from the 

measured chitinozoan indicates that these formations did indeed reach the oil window.   The 

post-pyrolysis VReqv increased to 0.65 to 1.08 %Roeqv from the original 0.56 %Roeqv using 

the upper range of the Obermajer et al. (1996) conversion ratio (Rochi 20–25% higher than 

VReqv).  Tricker et al. (1992) conversion equation [VReqv = (Rchi − 0.08) / 1.152] also 

produces similar results (0.68 to 1.1 %Roeqv from 0.58 %Roeqv) compared to those from the 

Obermajer et al. (1996) conversion ratio.  Using the Bertrand (1990) equation (Roeqv = 

0.8873*Rochi + 0.0124), the estimated Roeqv increased to 0.78 to 1.24 %Roeqv from 

0.74%Roeqv after 310 and 350 
o
C of pyrolysis. This means that the Boas River Formation 



already reached hydrocarbon generation (VR of 0.65-1.00 %Ro, Mukhopadhyay, 1994) 

before hydrous pyrolysis and it entered the thermogenic gas condensate window (VR >1.0 

%Ro, Mukhopadhyay, 1994) after 350 
o
C of pyrolysis temperature.   

  

 The reflectance of the bitumen formed after the 310 and 350 
o
C pyrolysis are 0.57 and 

1.15%Ro for the Boas River sample. These lead to an estimated VReqv of 0.75 and 1.08 

%Roeqv using the Jacob (1989) equation (VReqv = 0.618 %Robit + 0.40).  The estimated 

VReqv using the Bertrand (1993) equation [Ro-evi = 1.2503*Ro-migrabitumen (limestones) 
0.904

] are 

0.75 to 1.42 %Roeqv.  The Bertrand (1993) estimated Roeqv is significantly higher in 

comparison to the estimate from the Jacob (1989) equation at higher thermal maturity.  The 

estimated Roeqv from Robit (Bertrand, 1993) is also significantly higher than the estimated 

Roeqv from Robit (Bertrand, 1990) at higher thermal maturity.  The Tricker et al. (1992) and 

Obermajer et al. (1996) conversion ratios were also formulated from samples with similar 

paleodepositional environments to that of Bertrand (1993).  

 

Tmax Suppression 

 

The results of organic solvent extraction show insignificant to minor differences (0 

to 2 
o
C) between the Tmax measured on the un-pyrolyzed extracted and unextracted samples 

(Tables 1 and 2), suggesting minimal Tmax  suppression for the onshore samples.  This is 

consistent with Tmax suppression observed by Snowdon (1995) in the Second White 

Speckled Shale from Alberta, Canada.  Snowdon (1995) attributed the suppression of Tmax 

to the presence of extractable bitumen in the S2 peak and labile organic matter, which also 

coincides with high HI. Several authors have also suggested that Tmax suppression occurs 

due to elevated HI and presence of soluble bitumen in the rock matrix (Glikson et al., 1992; 

Stasiuk et al., 2005; and Hackley et al., 2013, Cardott et al., 2015).  

In this study, Tmax suppression appeared to increase after the samples reach 

pyrolysis temperatures of 310 to 320 
o
C (Figure 6), which coincides with the highest volume 

of soluble organics (bitumen) and free hydrocarbons in the rock matrix (Figures 7 and 8).  

However, as the pyrolysis temperature increased the amount of soluble organics decreased, 

the Tmax suppression slightly declined or remained relatively the same (Tables 1, 2 and 
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Figure 6).  This coincides with the increased in expulsion rate of hydrocarbon.  On average, 

the Tmax values were suppressed by about 3 
o
C (range from 1 and 6 

o
C).  The extent of 

Tmax suppression tends to be higher in the early stage of the hydrocarbon generation 

window (435-440 
o
C) (Figure 6).  Tmax suppression can have a significant effect on 

determining the maturity level of some unconventional plays where the source rocks serve 

as reservoir, especially those in the peak hydrocarbon generation window.  In such cases, 

solvent extraction is highly recommended to accurately determine the level of maturity when 

using RE analysis. 

 

Expulsion Temperature and Rate 
  

 Small quantities of hydrocarbon where expelled after the 310 
o
C (Tmax 431 to 437 °C) 

and 320 °C (Tmax 435 to 438 °C) pyrolysis temperatures for the Akpatok and Red Head 

Rapids formations, which generated 19.47 and 68.59 mg HC/ g TOC, respectively (Table 1).  

The subsequent pyrolysis temperature steps [330 °C (Tmax range of 438-440 °C) and 350 

°C (Tmax range of 440-450 °C)] expelled much higher volumes of hydrocarbon, between 

22.75 mg HC/g TOC and 166.22 mg HC/g TOC (Table 1).  The increase in expulsion rate 

coincides with the increase in PI (Figure 11) which indicates that high volumes of volatile 

hydrocarbons (Figure 9) are present in the rock matrix (Table 1).  The hydrocarbon 

saturation point and subsequent higher rate of expulsion was around pyrolysis temperatures 

of 320 to 330 
o
C or at Tmax values of 435-440 

o
C, and peaked at around 340 and 350 

o
C 

(Tmax of 442-450 
o
C).  The variations in the amount of hydrocarbon (Table 1) expelled 

among these formations can be attributed to TOC content, compositional diversities of 

DOM and the porosity of the samples.  Moreover, the differences in lithotypes and 

paleodepositional environments have a significant effect on the timing and chemical 

composition of the hydrocarbon generated (Stasiuk 1996; Stasiuk and Fowler, 2004; Peters 

et al., 2005a).   

 

Transformation ratio of S2 

 



 

 

Figure 13.  Photomicrographs of un-pyrolyzed (original) and pyrolyzed (310 to 350 
o
C) shale matrix from Boas River Formation with measured 

chitinozoan reflectance.  a) Yellow fluorescing alginite (A) inclusion in bituminite (bt) matrix observed in as received samples.  b-d) Greenish 

yellow surface stains, observed 310, 320, 320  
o
C pyrolysis temperature, are caused by residual hydrocarbon sorbed in the matrix.  Pore spaces 

(ps) created by pyrolysis of bituminite, formation fluorescing soluble bitumen (fb) and non-fluorescing bitumen (B).  e) Pore spaces vacated by 

bituminite macerals filled by fluorescing bitumen.  f) Pore filling bitumen (B), bright fluorescing heavy oil (hv) and diagenetic carbonate (C).  

Reflected white and UV light in oil, 50 x magnifications. Image size 184 microns across. 
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Figure 14. Measured chitinozoan (filled) and bitumen (unfilled) reflectance vs. pyrolysis temperature.  Photomicrograph inserts showing 

chitinozoan macerals with average %Ro.  Reflected white and UV light in oil, 50 x magnifications. Image size 184 microns across. 

 



  

 The thermal degradation of insoluble kerogen resulted in the transformation and 

generation of petroleum products (bitumen, oil, and gas) with increasing thermal maturity 

 (Tissot and Welte, 1984; Lewan, 1985; Lafargue et al., 1998; Behar et al., 2001; McCarthy 

et al., 2011; Spigolon et al., 2015). The equation most commonly used to calculate 

transformation ratio of S2 is TRS2 (%) = (S2original – S2residual)/(S2original)*100 (Tissot and 

Welte, 1984 and Bordenave et al. 1993, Spigolon et al., 2015). S2original is the original 

amount of insoluble reactive kerogen in the source rock. S2residual is defined as the residual 

petroleum generation potential of the source rock after hydrous pyrolysis.  The TRS2 (%) is 

the amount of the S2original transformed into petroleum products.  The calculated TRS2 range 

between 26 to 52% after 310°C pyrolysis temperature, with Boas River Formation having 

the highest TR (52%) compared to the other three formations (Table 1). The TR of S2 

increased to 75 to 85% after the last pyrolysis temperature of 350°C. 

 Comparative analysis of the Rock-Eval data collected from the unextracted (p.unext) 

and extracted (p.ext) aliquots shows that the TRS2 values of the extracted samples (S2p.ext, 47 

to 92%) are higher than the TRS2 of the unextracted (S2p.unext, 26 to 85%) pyrolyzed samples 

(Tables 1 and 2).  It seems that the presence of soluble organics is affecting not only the 

accurate determination of the Tmax but also the transformation ratio. To determine the 

amount of soluble organic matter incorporated within S2 (S2so), the following equation was 

used; S2so = S2p.unext - S2p.ext, where S2p.unext is the measured S2 from unextracted pyrolyzed 

aliquots and S2p.ext is the S2 from the extracted pyrolyzed aliquots (Tables 1 and 2).  The 

results show that approximately 31 to 52.42 % of the total S2p.unext consists of extractable 

organic matter and only 47.58 to 69 % are insoluble kerogen.  These extractable organics are 

derived from bitumen observed within fracture zones and pore spaces of the rock matrix 

(Figure 13c-d).  Since the experiment is a closed system, the only possible sources of the 

bitumen are the hydrogen-rich reactive insoluble kerogen within the rocks matrix.   

 The results also show that the high amount of extractable organic matter in the rock 

matrix also leads to a significant overestimation of residual reactive kerogen/organic matter 

by 7 to 45% (calculated from Tables 1 and 2).  The overestimation of S2 is more apparent 

during the early stage hydrous pyrolysis (310- to 330 
o
C), where the reactive kerogen 

thermally degraded into soluble bitumen (Figure 7) and as hydrocarbons formed within the 

rock matrix.  The overestimation of residual S2 appears to decline exponentially as the 

bitumen thermally cracks into lighter oil, insoluble bitumen/pyrobitumen and gas during the 

latter stage of catagenesis (Jacob, 1989) and coincides with increased expulsion rate of 
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produce hydrocarbon. The overestimation of residual S2 will become negligible as the 

thermal maturity reaches the gas window (Tmax >465, Peters and Cassa, 1994), where the 

remaining residual kerogen and insoluble bitumen thermally cracks into gas condensate, dry 

gas and pyrobitumen (Hunt, 1979; Tissot and Welte, 1984; Jacob, 1989; Hunt, 1996).  

 Statistical analyses reveal positive correlations between TRS2 and the measured Tmax 

for both unextracted and extracted pyrolyzed samples (Figure 15). The strong positive linear 

correlations between TRS2 [p.unext and p.unext (+original)] and Tmax (Figure 15a) have almost identical 

R
2
 (0.90 and 0.91, respectively) values (Note; the measured Tmax of the original samples 

were included in the cross plot and in the calculation of R
2
, since they are actual 

measurements and not predicted).  In contrast, the positive correlations between the TRS2 

[(p.ext and p.ext (+original)] and Tmax have dissimilar R
2
 (0.84 and 0.91, respectively) values (Figure 

15b). The extrapolated Y intercept of TR of S2p.ext is much higher than the estimated 

transformation ratio of S2p.ext (+original) based on the measured Tmax.  The relationship between 

Tmax and TRS2 is more curvilinear for the extracted samples if the data for the original 

unpyrolyzed samples are included in the analysis (Figure 15b, arrow). 

 

Transformation ratio of HI 

 

 The equations most commonly used to calculate the transformation ratio of HI is 

TRHI (%) = (HIoriginal – HIresidual) / HIoriginal)*100 (Bordenave et al., 1993).  This equation uses 

the hydrogen index (HI) to estimate the residual petroleum generation potential of the source 

rocks instead of the S2.  The calculated TRHI of kerogen at 310 
o
C (Tmax of 435 to 441 

o
C) to 

350 
o
C (Tmax of 451 to 455 

o
C) ranges from 16% to 67% for the Amadjuak Formation, 11% 

to 71% for the Akpatok Formation, 22% to 73% for the Red Head Rapid Formation, and 

40% to 65% for the Boas River Formation (Table 1). Similar to the S2, the Boas River 

Formation has a higher HI transformation ratio at a lower pyrolysis temperature (310°C) 

compared to the other formations (40% versus 11 to 22%).  The calculated TRs of the HIp.ext 

(22% to 82%; all four units) are significantly higher than the TRs of the HIp.unext aliquots  

 



  

 

Figure 15.  Transformation ratios derived from S2 as a function of Tmax.  a) Unextracted pyrolyzed rock chips.  

b)  Extracted pyrolyzed rock chips. 
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Figure 16.  Transformation ratio based on HI as a function of Tmax:  a) Unextracted pyrolyzed rock chips; b) 

Extracted pyrolyzed rock chips.  

  



  

(11% to 73%).  The previously discussed overestimation of S2 has a significant impact on 

the calculated HI and the estimated TR, since they were calculated using S2 and TOC. 

The transformation ratio of HI as a function of Tmax also has strong positive 

correlations for both the unextracted and extracted samples (Figure 16a-b).  However, the 

best fit curvilinear relationship between the TR of HIp.ext and Tmax is slightly less than that 

for the TR of S2p.ext relationship (Figures 15b and 16b).  These results are in agreement with 

the most recent observation by Waples and Tobey (2015) who also illustrated that the 

correlation between TR and HI is curvilinear rather than linear.  They also stated that the 

underestimation of TR can have a significant impact on the accuracy of determining the total 

hydrocarbon generation potential of organic-rich mature source rock for unconventional 

plays. As discussed earlier, factors like lithology, mineralogy and organic facies may have 

an influence on the variation in TR of kerogen in concurrence with pyrolysis temperature.      

  

Results Comparison and Basin Application 
 

Previous Studies  

 

 Direct comparison between the results of this study and previous hydrous pyrolysis 

works by Lewan (1985), Hackley et al. (2013) and Spigolon et al. (2015) are not possible 

due to differences in methodology, age, kerogen type, and the paleodepositional 

environment of the samples. However, some general comparisons of the semi-quantitative 

and qualitative physicochemical parameters such the HCG and maturation pathways, peak 

bitumen and oil generation, and transformation ratio are possible.  One of the most 

important parameters in distinguishing hydrocarbon generation and changes in thermal 

maturity is the formation and physicochemical evolution of bitumen during the latter stage 

of diagenesis and throughout catagenesis (Hunt, 1979; Lewan, 1985; Lewan, 1987; Jacob, 

1989; Jacob, 1993; Hunt, 1996; Spigolon et al., 2015).  In this study, the formation of void 

filling migrabitumen is a clear indicator that insoluble reactive kerogen has undergone 

thermal degradation.  The appearance of bright, yellow fluorescing hydrocarbon inclusions 

in the matrix is also a good indicator of oil generation.  However, it is important to 

determine whether the hydrocarbons were generated in-situ or whether they migrated into 

the rock from elsewhere.  Pore-filling migrabitumen can also be observed far from source 

and into reservoir rocks and in highly porous stratigraphic layers along the migration 
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pathways (Lewan, 1987; Jacob, 1989; Jacob, 1993). The observed increase in reflectance 

and decrease in solubility of the bitumen viewed under UV light indicates that thermal 

maturity increases with increasing pyrolysis temperature, consistent with in situ hydrocarbon 

generation.   

  

 The bitumen reflectance increased to 0.60-1.15 %Ro from 0.50%Rooriginal after five 

levels of closed hydrous pyrolysis.  These results are similar to work by Hackley et al. 

(2013), in which the reflectance of solid bitumen formed after hydrous pyrolysis increases to 

0.45 to 1.3%Ro from 0.40 %Rooriginal after 300 to 360 
o
C pyrolysis experiments. The results 

of this study show that the HCG and maturation pathways are analogous to those of Hackley 

et al. (2013), even though the kerogen types (Cambrian-Ordovician to Eocene and Type I to 

Type III) are not identical.   

  Peak bitumen generation (soluble organics) and hydrocarbon expulsion were reached 

between 310-330 
o
C (Tmax = 435-441 

o
C) and 340-350 

o
C (Tmax = 440-455 

o
C), respectively 

(Table 1).  Previous hydrous pyrolysis studies by Lewan (1985) and Spigolon et al. (2015) 

also documented similar peak bitumen [320-330 
o
C and 345-355 

o
C, and 310-330 

o
C (Tmax = 

430- 432
 o

C)] and oil generation [345 to 365
 o

C (Tmax = 432- 437
 o

C)].  The dissimilarity 

between the measured Tmax in our study and those of Spigolon et al. (2015) are likely due to 

differences in kerogen and mineralogical compositions and possible suppression, as they 

were measured using unextracted aliquots.     

  The calculated TR’s of S2 (unextracted) after pyrolysis at 310 and 350 
o
C (26-52% 

and 75-85%, respectively) have slightly higher values at lower pyrolysis temperatures but 

are otherwise comparable to the results achieved by Spigolon et al. (2015) (20.3% and 

77.8%, respectively).  In comparison, the calculated TR’s of S2 of the extracted aliquots are 

much higher than the results achieved by Spigolon et al. (2015) after 310 and 350 
o
C 

pyrolysis ( 47-65% and 86-92%, respectively).  Similarly, the calculated TRs of HI after the 

310 and 350 
o
C pyrolysis temperatures (11-42 % and 65-73%, unextracted) are also 

comparable to the calculated TR of HI values (22% and 67%) from the Spigolon et al. 

(2015) published data.   

 The variation in peak bitumen and oil generation, and TR among different samples is 

most likely due to the varying activation energies associated with the heterogeneous 



  

character of the kerogen facies (Tissot and Welte, 1984).  The thermal degradation of 

kerogen follows a fairly similar suite of first-order reactions with different activation 

energies that take place concurrently but independently of one another (Tissot and Welte, 

1984). The different hydrogen content of various kerogen macerals and their corresponding 

activation energies play an important role in the TR of S2 and HI under similar thermal 

conditions. It is important to mention that the sample used by Spigolon et al. (2015) was 

Type I kerogen deposited in a lacustrine environment whereas samples used in this study 

were Type II kerogen deposited in a marine environment.   

  

Basin Application  

  

 Geochemical data indicate that most of the Upper Ordovician formations are immature 

to early mature in the Hudson Bay and Foxe basins (Tmax =410-435 °C) (Reyes et al., 2011, 

Bertrand and Malo, 2012, Lavoie et al., 2013).  However, some younger organically lean 

stratigraphic layers have elevated Tmax, both measured (>435 °C) and calculated (Tmax-eqv = 

433-437°C), implying that some of organic-rich Upper Ordovician offshore formations have 

reached hydrocarbon generation (Bertrand and Malo, 2012; Lavoie et al., 2013).  The large 

variation in Tmax values between the organically-lean and organic-rich stratigraphic layers 

were partially attributed to Tmax suppression (Lavoie et al., 2013).  Although this study 

shows that Tmax suppression was a factor for the unpyrolyzed as-received (0 to 2 
o
C) 

samples, the magnitude is much lower than the Tmax suppression of 5 - 10
 o

C noted by 

Lavoie et al. (2013).  Moreover, this observed variation in Tmax is within analytical error and 

is therefore not significant with application to thermal maturity evaluation.  As indicated 

earlier, Tmax suppression increased substantially (1 to 6 
o
C) after the samples were artificially 

matured due to the increase in the amount of extractable organic matter in the S2 (Figure 7).   

 The detailed work on cuttings from the Polar Bear well (Zhang and Dewing, 2008; 

Zhang, 2008; Lavoie et al., 2013) suggests a Tmax suppression between 5 - 10°C for the 

organic-rich Upper Ordovician Red Head Rapids Formation samples having TOC up to 

2.3%; HI up to 465; Tmax ranging between 418 to 448°C (average of 428°C, Lavoie et al., 

2013; Annex 1.9). These RE results indicate that the Red Head Rapids Formation in the 

Polar Bear offshore well is more mature compared to its onshore equivalent.  However, the 

observed large Tmax variation cannot be attributed to Tmax suppression associated with a high 

amount of soluble organic matter and labile hydrocarbons because most of the other RE 
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parameters are below the threshold values for in situ oil generation (PI = 0.1-0.4 and S1 

>0.5, and S1:S2 <2.0 and S2:S3 ≥5.0, Peters and Cassa, 1994 and McCarthy et al., 2011).  

Furthermore, since the peak burial temperature (Tmax 448°C) never went above the peak 

hydrocarbon generation window, these parameters would still show residual values 

indicating that hydrocarbon was generated in-situ even if migration has occurred.  The RE 

values of the offshore Red Head Rapids Formation should be more or less comparable to the 

measured values in this study after hydrous pyrolysis.   

 It is more likely that the presence of labile bituminite (similar to that observed in 

Figure 13a) in the Red Head Rapids Formation is partly responsible for Tmax suppression but 

not thermogenic bitumen and hydrocarbon generation. This would mean that the intra-

stratigraphic Tmax suppression is only between 0-2°C (original sample) and not 5-10°C, as 

suggested by Lavoie et al. (2013). Taking into consideration all the measured RE 

parameters, not just Tmax, the offshore well (Beluga O-23, Narwhal South O-58, and Polar 

Bear C-11; Lavoie et al., 2013) data indicate that the Upper Ordovician stratigraphic layers 

have not yet reached the hydrocarbon generation stage.  Obviously, detailed organic 

geochemistry and petrography would be needed for the offshore TOC-rich Upper 

Ordovician well cuttings to further confirm this interpretation. 

 

 Petrographically, some of estimated VReqv values suggest that these formations have 

reached early maturity (Reyes et al., 2011) and hydrocarbon generation (≥ 0.65 %Roeqv) 

(Bertrand and Malo, 2012; Lavoie et al., 2013).  However, none of these previously 

analyzed samples show any significant evidence of in-situ hydrocarbon generation. Instead, 

they contain amorphous bituminite which may have some associated labile and soluble 

organics as indicated by solvent extraction on the original samples.  Likewise, the immature 

Upper Ordovician samples analyzed in this study do not show any signs of in-situ 

hydrocarbon generation (Figure 4).  It was only after the first stage of pyrolysis  (310 °C or 

Tmax of ≥ 435) that significant amounts of fluorescing, soluble, migrated solid bitumen and 

free hydrocarbons were observed within intergranular pore spaces (Figure 13b-d).   

 The estimated VReqv from the measured Tmax (0.67 to 1.03 %Roeqv-ext), chitinozoan 

(0.68 to 1.1 %Roeqv) and bitumen (0.75 to 1.08 %Roeqv) reflectance indicates that all onshore 

source rock samples reach hydrocarbon generation only after the artificial maturation.  



  

However, the Bertrand (1990 and 1993) equations indicate that all formations reach 

hydrocarbon generation (VReqv = 0.78 %Roeqv-chi and 0.75 %Roeqv-bit) even before hydrous 

pyrolysis.  These estimated VReqv values are much higher than the values obtained from the 

other equations referred to in this study with the exception of the Jacob (1989) equation.  

Moreover, these estimated VReqv values (1.24 %Roeqv-chi and 1.42 %Roeqv-bit) are 

inconsistent with the physicochemical properties observed before hydrous pyrolysis and the 

changes that occurred after the artificial thermal degradation of kerogen (Figure 13).  These 

results suggest that Bertrand’s methodology may overestimate the vitrinite reflectance 

equivalent value and hence the thermal maturity.   

  

 Petrographic re-analysis of whole rock samples from the offshore Upper Ordovician 

source rocks from Beluga O-23, Narwhal South O-58, and Polar Bear C-11 could provide 

additional evidence which would indicate whether or not they reached hydrocarbon 

generation.  The physicochemical evolution of kerogen observed in this study can be used as 

a template to determine if hydrocarbon generation and migration has occurred, particularly 

since most of the measured and estimated Tmax data indicate that the samples are within the 

theoretical range of hydrocarbon generation (Tmax = 430-465 °C, Lewan, 1993; Peters and 

Cassa, 1994; Lafargue et al., 1998; Behar et al., 2001; McCarthy et al., 2011; Spigolon et al., 

2015).  Soluble fluorescing bitumen would still be visible within the intergranular pore 

spaces of the rock matrix, if indeed these measured and estimated Tmax values from offshore 

wells are an accurate measure of the maximum burial temperatures that resulted in 

hydrocarbon generation.  Similarly, soluble and insoluble residual bitumen can also be 

observed within the intergranular pore spaces even after hydrocarbon migration has 

occurred. 

  

 The often contradictory geochemical data from the offshore wells [Beluga O-23, 

Narwhal South O-58, and Polar Bear C-11(Bertrand and Malo, 2012; Lavoie et al., 2013)] 

indicates that other factors may be responsible for the variation in thermal maturity indices.  

The most common source of error in Rock-Eval analysis is drilling contamination.  Oil 

based mud and drilling additives are known to cause erroneous Rock-Eval data especially 

when using drill cuttings (Issler et al., 2016 and references therein).    Additionally, severe 

recycling of higher maturity organic matter can create inconsistent high Rock-Eval Tmax 

values.  However, in-situ organic matter recycling maybe limited because of the age and 
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paleodepositional environment of these formations.  Another possible source of the thermal 

maturity variation is the difference in the thermal conductivity of shale and limestones 

(Clark, 1966; Blackwell and Steele, 1989; Eppelbaum et al., 2014).  The variation in mineral 

matrix in conjunction with the fast heating rate and high temperatures in laboratory 

simulation may also affect the rate of maturation and hydrocarbon generation (Yang and 

Horsfield, 2016).  Further studies in these areas may be needed to determine what effect, if 

any, these factors have on thermal maturity of the these organic-rich formations. 

Unfortunately, such endeavors are currently outside the scope of this study.   

  



  

CONCLUSIONS 
 

 This hydrous pyrolysis experiment generated source rock thermal maturation and 

hydrocarbon generation pathways that are comparable to the results of previous studies 

despite the various differences in equipment, methodology and samples.  The measured and 

calculated organic geochemical parameters (HI, S1, S2, TOC, OI, PI, S2:S3, PC, and Tmax) 

and the amount of expelled hydrocarbons indicate that these source rocks generated 

hydrocarbons during hydrous pyrolysis based on the source rock evaluation criteria of Peters 

and Cassa (1994) and McCarthy et al. (2011).  The decrease in HI, S2, TOC, and S2:S3, and 

PC values and the simultaneous increase in S1, PI and Tmax values indicate that all the 

source rocks were artificially matured through pyrolysis at 310 to 350C for 72 hours.   

 Comparative analysis of the RE results before and after solvent extraction show that 

Tmax suppression (1-6C) arises due to a high amount of labile hydrocarbons and extractable 

organic matter such as soluble bitumen maceral asphaltite.  The extent of Tmax suppression 

in the as received samples is much lower (0-2 C) than what was initially inferred (5-10C) 

from previous studies. The high amount of solvent-extractable organic matter associated 

with S2 is also responsible for the overestimation of residual hydrocarbon generating 

potential and the underestimation of transformation ratio in the early stage of bitumen and 

hydrocarbon generation.  Tmax suppression, overestimation of S2 and underestimation of 

transformation ratio diminished as free hydrocarbons and soluble organic matter (bitumen) 

transform into light oil (mostly expelled), gas and pyrobitumen with increasing thermal 

maturity.   

 Peak bitumen formation and oil expulsion were reached at pyrolysis temperatures 

between 310-330 
o
C (Tmax = 435-441 

o
C) and 340-350 

o
C (Tmax = 440-455 

o
C), respectively, 

for the Upper Ordovician source rocks in this study.  The volumes of oil expelled during 

peak hydrocarbon generation are between 56.93 mg HC/g TOC and 166.22 mg HC/g TOC 

after heating at pyrolysis temperatures of 340-350 
o
C.  These peak oil generation and 

expulsion temperatures and the TR of HI and S2 are comparable to the results acquired in 

previous studies. 

 Organic petrography provided considerable morphological evidence for thermal 

degradation of reactive kerogen into bitumen, free hydrocarbons and residual insoluble solid 

bitumen.  The estimated VReqv values from measured chitinozoan and bitumen reflectance, 

and the measured Tmax all indicate that the studied samples reached the hydrocarbon 
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generation window after hydrous pyrolysis.  Although the study was successful in 

simulating thermogenic hydrocarbon generation, it is important to note that this was still 

experimental and must be treated as such.  Furthermore, while all the equations used in this 

study were useful substitutes for determining thermal maturity in the absence of direct 

thermal maturity measurements, the resulting VReqv, Tmax-eqv, Tmax and the Rock-Eval data as 

a whole must be carefully analyzed in conjunction with other available physicochemical 

information to make consistent and accurate interpretations.     
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