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ABSTRACT 

Rock-Eval analysis and hydrocarbon biomarker characterization have been carried out on Middle 

to Upper Devonian oil-stained outcrop samples collected from the Mackenzie Plain area.  While 

an interpretation of the available organic geochemical results supports the current understanding 

that the Devonian Canol Formation and Bluefish Member (basal Hare Indian Formation) shales 

may have been the major source rocks to most oil accumulations in Middle to Upper Devonian 

reservoirs, an effective older source rock system is proposed to have sourced some of the oil 

occurrences in the area. 

Except for extremely organic-lean samples in which major hydrocarbon components (e.g. 

paraffin wax) might be mainly from contamination, organic-rich outcrop samples display 

hydrocarbon signatures of moderate to heavy biodegradation with their normal alkanes being 

partially or totally removed.  Source facies parameters such as the ratios of dibenzothiophene 

over phenanthrene and pristane over phytane indicate their major source rocks to be shale rather 

than carbonate.  The sterane compositions suggest most of the oil occurrences in the area are 

derived from either Canol Formation or Bluefish Member shale or both.  Most of the oil stains 

also contain a high relative abundance of arylisoprenoids, a type of aromatic biomarkers known 

to be abundant in Devonian shales, including Canol and Bluefish units.  The distribution pattern 

of tri-, tetra- and pentacyclic terpanes seems to be diagnostic in distinguishing the source 

contribution of Canol Formation from Bluefish Member.  Bluefish shale is likely the main source 

rock for oil occurrences in the Hume Formation limestone in the Mackay Range area, in the 

Ramparts Formation limestone at Powell Creek, and in the Imperial Formation sandstone at 

Katherine Creek.  In contrast, oil present in the Fort Norman Formation dolostone at Imperial 

Anticline and in the Imperial Formation dolostone at Prohibition Creek have a terpane 

composition closer to that of Norman Wells oil and Canol shale, suggesting that Canol shale is 

their main source rock.  The apparent high oil quality (e.g., saturated fraction dominated by C13 

to C18 n-alkanes) of an outcrop bitumen sample collected at the Canol-Imperial Formation 

contact in the Imperial River area provides strong evidence of dynamic oil expulsion, migration 

and accumulation within the Canol petroleum system in the area.  The C29-dominant sterane 

distribution feature in some Ramparts Formation limestone samples from Powell Creek and 

Mountain River II site suggests that there might have been an active Precambrian source rock 

system contributing to oil accumulations in the Mackenzie Plain area. 

 

INTRODUCTION 

During three field seasons (2010-2012), twelve oil-stained or bitumen samples were collected 

from eight outcrop locations across Mackenzie Plain study area (Figure 1) in order to analyze 

petroleum chemistry through solvent extraction analysis at the Geological Survey of Canada 

(GSC) in Calgary.  The samples were determined to be oil-stained either visually and/or by their 

petroliferous odour in the field.  Samples include one from the Arnica/Bear Rock Formation, 

seven from the Hume Formation, one from Bluefish Member of Hare Indian Formation, one 

from the Canol Formation, one from the Ramparts Formation, and one from the Imperial 

Formation (Table 1, Figure 2).  The objective was to identify and characterize the types of oil 

and their source rocks, as preserved in different Devonian stratigraphic units across the study 

area.  In addition, during the NTGO’s Peel Petroleum Project (2007-2008 field seasons), another 
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eight samples were analyzed from Mackenzie Plain: four samples of Hume and Ramparts 

formations collected at Powell Creek; two samples of Imperial Formation collected at Katherine 

Creek; and two samples of Arnica and Fort Norman formations sampled from Imperial Anticline 

(Table 1; Figure 1; Gal et al., 2009).  These results are included in this report for more 

comprehensive interpretation of Devonian petroleum geochemistry results from the Central 

Mackenzie Valley. 

SAMPLES AND METHODS 

Hand samples were collected at outcrops where oil-staining was obvious, such as the brownish-

black colour of dark grey Hume Formation limestone (Figure 3), the dark brown stain in the 

medium yellowish-grey Ramparts Formation limestone (Figure 4) and pale grey dolostone of the 

Bear Rock facies (Arnica Formation; Figure 5).  In addition to carbonates, the sample of Imperial 

Formation was from a dolosiltstone concretion (Figure 6) and the thin bitumen at the top of the 

Canol Formation was sampled as a 3 mm thick layer (Figure 7). 

 

Outcrop samples were submitted to the Organic Geochemistry Laboratory at the Geological 

Survey of Canada Calgary (GSC-Calgary) for geochemical analysis of their petroleum content 

and hydrocarbon composition in order to investigate the potential source rocks.  Rock-Eval 

analysis, a type of bulk thermal desorption and pyrolysis analysis using a Rock-Eval 6 

instrument has been carried out on the powdered outcrop samples to produce parameters such as 

S1, S2, TOC, MINC, Tmax, HI and OI for a preliminary estimation of reservoir (and source 

rock) potential of the samples.  Key Rock-Eval results are presented in Table 2 and their 

pyrograms in Appendix A for reference.  The powdered samples were then subjected to solvent 

extraction in soxhlet extractors, and the resulting solvent extracts were separated into saturated 

hydrocarbon, aromatic hydrocarbon, and polar (composed of resin and asphaltene) fractions 

using open column liquid chromatography fractionation methodology.  The saturated and 

aromatic fractions were analyzed on gas chromatography-mass spectrometry (GC-MS) and gas 

chromatography-flame ion detection (GC-FID) for their molecular compositions to obtain 

information regarding their organic input, depositional environment, maturation and preservation 

status or level of biodegradation.  Tables 3 and 4 present key organic geochemical results from 

GC-FID and GC-MS analyses of both saturated and aromatic fractions. 
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Figure 1.  Location map of oil-stained samples within and adjacent to Mackenzie Plain area.
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NTGO 

Sample 

No. 

GSC 

Sample 

Lab No. 

Unit Location Easting Northing Description 

LP10-069 X11278 Hume Carcajou River 604415 7181699 
Lime mudstone to wackestone: 

medium grey, petroliferous odour. 

11MR X11293 Ramparts Mountain River II 493981 7256998 
Wackestone: brownish-grey; 

petroliferous odour. 

11LBH-003 X11294 Hume Little Bear Hume 620708 7152089 
Lime mudstone: dark grey; 

petroliferous odour. 

11LBH-001 X11295 Hume Little Bear Hume 620886 7152210 
Lime mudstone: dark grey; 

petroliferous odour. 

11PC-002 X11296 Imperial Prohibition Creek 628730 7231245 
Dolosiltstone: pyritiferous; 

petrolifeous odour. 

11DC-000A X11297 Hume Dodo Canyon 578059 7210407 
Limestone to wackestone: 

petroliferous odour. 

11DCH-004 X11298 Hume Dodo Canyon 577946 7209802 
Limestone to wackestone: dark 

brownish-grey; petroliferous odour. 

11DCH-008 X11299 
Bear Rock 
(Arnica) 

Dodo Canyon 578343 7208980 
Dolostone: brownish-grey; 

petroliferous odour. 

11BSC-001 

 
X11300 Hume Big Smith Creek 429357 7171679 

Wackestone: dark grey, petroliferous 

odour. 

12-Mac-3m X11417 Hume Mackay Range 369926 7178229 
Wackestone: dark grey, medium 

bedded, petroliferous odour 

12-Mac-15m X11419 Bluefish Mackay Range 369910 7178208 
Lime mudstone: dark grey, lensoidal, 

petroliferous odour 

12-IR-05 X11418 Canol Imperial River 565499 7233722 
Bitumen: 3 mm thick layer at Canol-

Imperial contact 

07LG-12-A X10866 Fort Norman Imperial anticline 514451 7261766 dolostone 

07LG-12-B X10867 Arnica Imperial anticline 514721 7261847 dolostone 

07LG-15-B X10868 Hume Powell Creek 510447 7239090 limestone 

07LG-15-C X10869 Ramparts Powell Creek 510469 7239377 limestone 

07LG-15-D X10870 Ramparts Powell Creek 510494 7239401 limestone 

07LG-15-E X10871 Ramparts Powell Creek 510511 7239399 limestone 

08WZ-4-A X10953 Imperial Katherine Creek 571404 7213955 sandstone 

08WZ-4-B X10954 Imperial Katherine Creek 571404 7213955 sandstone 

Table 1.  List of oil-stained or bitumen samples from Mackenzie Plain area (X11278, X11293-X11300 and X11417-

X11419 collected  in 2010-2012; X10866 to X10871 and X10953 to X10954 collected in 2007-2008; location data in 

UTM NAD 83 zone 9). 
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Figure 2.  Stratigraphy in the Mackenzie Plain area, modified from MacLean and Cook (1999). 
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Figure 3.  Black, oil-stained, coral debris on the base of a limestone block from near the base of the Hume 

Formation, Dodo Canyon (sample 11DCH-000A, X11297). 

 

 

Figure 4.  Brown oil-stained calcareous shale and limestone in Ramparts Formation, Mountain River II station 

(sample 11MR, X11293). 
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Figure 5.  Horizon of sample 11DCH-008 (X11299) from Bear Rock facies (Arnica Formation) in Dodo Canyon. 

 

Figure 6.  Pyritiferous, oil-stained concretion with petroliferous odour (sample 11PC-002, X11296), basal Imperial 

Formation, Prohibition Creek. 
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Figure 7.  Top of scale card is at the top of the Canol Formation, marked by a 3 mm thick bitumen layer (at white 

arrow; sample 12-IR-05, X11418), Imperial River. 
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GSC 

Sample 

Lab No. 

Unit Location Sample Type 
TOC 

(%) 

RC (% 

TOC) 
Tmax (oC) 

S1 (mg HC/ 

g rock) 

S2 (mg HC/ 

g rock) 
HI OI 

PI: 

S1/(S1+S2) 

MINC 

(%) 

X11278 Hume Carcajou River Lime mudstone 0.28 89.3 451 0.04 0.12 43 96 0.27 12.8 

X11293 Ramparts Mountain River Wackestone 3.81 78.0 448 1.04 8.74 229 11 0.11 8.5 

X11294 Hume 
Little Bear 

Hume 

Lime mudstone 0.19 84.2 474 0.01 0.06 32 205 0.16 12.0 

X11295 Hume Lime mudstone 3.39 86.1 459 0.88 4.59 135 10 0.16 10.4 

X11296 Imperial Prohibition Ck Dolostone 2.27 29.5 317 11.35 7.64 337 19 0.60 10.7 

X11297 Hume 

Dodo Canyon 

 

Limestone 0.48 87.5 456 0.07 0.46 96 71 0.14 12.2 

X11298 Hume Limestone 0.33 87.9 458 0.04 0.28 85 97 0.12 12.4 

X11299 Arnica Dolostone 0.11 72.7 435 0.01 0.14 127 273 0.09 14.1 

X11300 Hume Big Smith Ck Wackestone 0.18 88.9 509 0.01 0.04 22 156 0.22 13.2 

X11417 Hume 

Mackay Range 

Wackestone 0.95 74.7 441 0.17 2.58 272 12 0.06 10.5 

X11419 Bluefish Lime mudstone 2.16 73.6 438 0.49 6.17 286 13 0.07 8.5 

X11418 Canol Imperial River Bitumen 53.14 74.8 436 20.18 138.11 260 5 0.13 0.2 

X10866 Ft Norman 
Imperial 

anticline 

Dolostone 0.20 55.0 428 0.23 0.7 350 85 0.25 11.9 

X10867 Arnica Dolostone 0.12 83.3 438 0.01 0.1 83 200 0.12 13.3 

X10868 Hume 

Powell Creek 

Limestone 0.05 80.0 477 0.00 0.01 20 380 0.22 12.4 

X10869 Ramparts Limestone 3.58 79.9 446 0.25 8.13 227 8 0.03 4.3 

X10870 Ramparts Limestone 7.80 77.1 446 1.66 19.4 249 7 0.08 10.0 

X10871 Ramparts Limestone 0.58 77.6 447 0.13 1.23 212 36 0.09 10.1 

X10953 Imperial 

Katherine Creek 

Sandstone 0.61 52.5 360 1.73 1.69 277 36 0.51 0.9 

X10954 Imperial Sandstone 0.20 85.0 441 0.04 0.16 80 105 0.19 2.3 

*TOC: total organic carbon in rock; RC: residual or non-generative organic carbon; HI: Hydrogen Index defined as 100*S2/TOC; OI: Oxygen Index defined 

as100*S3/TOC; MINC: mineral or carbonate carbon 

Table 2.  Rock-Eval analytical results for the outcrop samples collected from Mackenzie Plain area.  
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GSC 

Sample 

Lab No. 

Unit Location Sample Type 
Extract (% 

rock) 

% in extract 
Sat/Aro 

ratio 

Pr/ 

nC17 

Ph/ 

nC18 
Pr/Ph 

DBT/ 

Phen 
Polars Sat + Aro 

X11278 Hume Carcajou River Lime mudstone 0.03 58.4 41.6 3.9 0.42 0.43 1.01 0.97 

X11293 Ramparts Mountain River Wackestone 0.30 47.1 52.9 0.6 0.67 0.41 2.14 0.63 

X11294 Hume 
Little Bear 

Hume 

Lime mudstone 0.02 51.5 48.5 5.4 0.11 0.11 1.12 0.14 

X11295 Hume Lime mudstone 0.29 29.6 70.4 2.7 1.24 1.29 0.81 0.10 

X11296 Imperial Prohibition Ck Dolostone 1.88 19.9 80.1 5.0 65.74 28.75 1.49 0.36 

X11297 Hume 

Dodo Canyon 
 

Limestone 0.04 59.6 40.4 1.1 0.76 0.65 1.17 0.43 

X11298 Hume Limestone 0.05 60.7 39.3 2.0 0.79 0.34 2.61 0.26 

X11299 Arnica Dolostone 0.04 65.6 34.4 0.9 0.69 0.69 0.87 0.65 

X11300 Hume Big Smith Ck Wackestone 0.01 72.9 27.1 0.8 0.31 0.20 1.40 0.36 

X11417 Hume 

Mackay Range 

Wackestone 0.27 37.6 62.4 0.9 1.01 2.18 0.81 0.50 

X11419 Bluefish Lime mudstone 0.24 37.6 62.4 1.0 1.09 1.89 0.94 0.22 

X11418 Canol Imperial River Bitumen 4.92 69.7 30.3 0.4 0.61 0.57 1.51 0.13 

X10866 Ft Norman 
Imperial 

anticline 

Dolostone 0.25 64.5 35.5 1.6 0.45 1.22 0.50 0.49 

X10867 Arnica Dolostone 0.07 87.9 12.1 1.8 0.29 0.32 0.82 1.40 

X10868 Hume 

Powell Creek 

Limestone 0.02 82.0 18.0 2.4 0.11 0.11 0.77 0.34 

X10869 Ramparts Limestone 0.42 63.8 36.2 0.4 0.13 0.86 0.70 0.02 

X10870 Ramparts Limestone 0.70 46.7 53.3 0.8 n.a. n.a. n.a. 0.15 

X10871 Ramparts Limestone 0.14 58.4 41.6 0.5 0.55 0.80 0.67 0.42 

X10953 Imperial 

Katherine Creek 

Sandstone 0.59 27.2 72.8 3.1 1.44 1.48 1.00 0.75 

X10954 Imperial Sandstone 0.09 80.8 19.2 1.2 0.64 0.56 1.68 0.21 

*Pr: pristane; Ph: phytane; nC17 : C17 n-alkane; nC18 : C18 n-alkane; DBT/Phen : ratio of dibenzothiophene over phenanthrene from aromatic GC-MS analysis  

Table 3.  Geochemical parameters based on saturated fraction GC-FID and aromatic GC-MS analysis for the outcrop samples from Mackenzie Plain area.



12 

 

GSC 

Sample 

Lab No. 

Unit Location 
C24TeT/ 

C26TT 
Ts/Tm 

C30TT/ 

C30Hop 

C29Hop/ 

C30Hop 

C32Hop 

S/(S+R) 
C29St S/(S+R) 

Regular Steranes (%) 
C29 St: 

Dia/Reg 
C27 C28 C29 

X11278 Hume Carcajou River 0.65 n.a. 0.37 0.57 0.31 n.a. n.a. n.a. n.a. n.a. 

X11293 Ramparts Mountain River 2.55 1.19 0.15 0.33 0.60 0.48 22.9 12.9 64.2 1.70 

X11294 Hume 
Little Bear 

Hume 

n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

X11295 Hume n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

X11296 Imperial Prohibition Ck 0.19 1.07 0.09 0.50 0.60 0.52 32.8 17.7 49.5 0.71 

X11297 Hume 

Dodo Canyon 

 

0.57 2.34 0.48 0.21 0.50 0.51 32.1 17.6 50.4 1.36 

X11298 Hume 1.06 9.92 n.a. n.a. 0.54 0.55 31.9 22.7 45.4 2.84 

X11299 Arnica 2.46 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

X11300 Hume Big Smith Ck 2.47 1.07 n.a. 0.66 0.51 n.a. n.a. n.a. n.a. n.a. 

X11417 Hume 

Mackay Range 

0.18 3.58 1.04 0.42 0.60 0.52 31.8 16.6 51.6 0.55 

X11419 Bluefish 0.15 2.80 0.96 0.41 0.54 0.50 34.0 15.4 50.6 0.47 

X11418 Canol Imperial River 0.44 5.07 0.09 0.35 0.60 0.58 35.5 16.2 48.2 0.36 

X10866 Ft Norman 
Imperial 

anticline 

0.51 1.37 0.44 0.82 0.63 0.49 33.0 14.6 52.3 0.37 

X10867 Arnica 4.64 1.53 0.08 1.48 0.61 0.44 18.8 17.2 64.0 0.44 

X10868 Hume 

Powell Creek 

n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

X10869 Ramparts 3.37 1.38 0.02 0.62 0.58 0.53 23.9 12.2 63.9 0.52 

X10870 Ramparts 0.43 3.26 0.66 0.70 0.58 0.50 32.2 15.2 52.6 0.42 

X10871 Ramparts 0.54 3.73 0.79 0.77 0.59 0.52 31.2 15.7 53.1 0.43 

X10953 Imperial 

Katherine Creek 

0.25 2.59 0.97 0.42 0.58 0.53 35.4 17.9 46.7 0.40 

X10954 Imperial 1.51 0.43 0.14 0.81 0.59 0.50 38.1 18.1 43.8 0.31 

*C24TeT: C24 tetracyclic terpane; TT : tricyclic terpanes; Ts and Tm: 18(H)- and 17(H)-trisnorhopanes; Hop: hopane; St: steranes; Dia/Reg: diasteranes over 

regular steranes; n.a.: not available 

Table 4.  Saturated biomarker parameters from GC-MS analysis for the outcrop samples from Mackenzie Plain area.  
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RESULTS AND DISCUSSION 

Sample Contamination  

A key parameter which is often under-utilized by geologists is the MINC (%) for the content of 

mineral carbonate in the rock samples. As listed in Table 2 with other Rock-Eval analytical 

results, MINC is high, greater than 8.5% for all samples except the Canol Formation bitumen 

sample from Imperial River (X11418; 12-IR-05).  Even if taking into account the high content of 

organic matter for the Canol Formation bitumen sample (i.e., 53.14% TOC, Table 2), its MINC 

is still less than 1% of the mineral matrix, indicating that the rock matrix is probably mainly 

shale or mudstone rather than limestone or dolostone.  

A noteworthy feature from Table 2 is the especially low TOC and S1 values (i.e., <0.28% and 

<0.04 mgHC/gRock respectively) for the Hume Formation limestone sample X11278 collected 

at Carcajou River, one of the two Hume Formation limestone samples, X11294 from Little Bear 

Hume, the Arnica Formation dolostone sample X11299 from Dodo Canyon and the Hume 

Formation wackestone sample X11300 from Big Smith Creek.  These samples also display a 

much higher OI value than other samples, indicating a likely higher degree of oxidation 

associated with weathering.  Soxhlet extraction using an organic solvent also produced very low 

yields of soluble extracts (i.e., <0.05%) that are mainly composed of polar components (e.g., 

>50%, Table 3).  Considering their extremely low content of organic matter and relatively high 

maturity as indicated by their Rock-Eval Tmax and non-generative carbon RC%, these four 

outcrop samples can hardly be considered as either reservoir rocks or potential source rocks.  

As no precautious measures (e.g., removing exposed surface, drilling core into outcrop, and 

putting on gloves when handling the samples) had been taken when collecting and preparing 

these outcrop samples, contamination from natural (e.g., weathering) and artificial exposure 

(e.g., fingerprint from human beings and packaging material) of the samples can potentially have 

adverse effect on the quality and reliability of analytical results generated from GC-FID and GC-

MS analysis, especially for the extremely organic-lean samples.  Figure 8 shows the GC-FID 

traces of saturated hydrocarbon fractions for the outcrop samples in this study.  Compared with 

other samples, the samples discussed above (X11278, X11294, X11299 and X11300) with low 

TOC and S1 values and low yields of extracts all display smaller (or little) unresolved complex 

mixture (UCM) humps atop of which sit a high abundance of n-alkanes mostly maximizing in 

the nC25- nC30 (i.e., paraffin wax) range.  It is apparent from Table 2 and Figure 8 that the lower 

values of TOC, S1 and extract yield for a sample, the higher relative content of paraffin wax (i.e., 

nC22-nC35 vs nC15-nC20) for the sample.  The high molecular weight (MW) paraffin is not a 

signature of marine shale or carbonate sourced oils, but rather an indicator of terrestrial higher 

plant input for crude oils (Peters et al., 2005).  Paraffin waxes as a petroleum product are widely 

used on various household products and packaging material for protecting and lubricating 

purposes.  For example, core sample contamination by paraffin wax from core boxes was 

reported by Snowdon and Powell (1978). Figure 9 shows the GC-FID traces of extract from a 

Fisher green marker widely used for marking purpose and hydrocarbons from glass wool used in 

laboratories.  Considering their extremely low content of hydrocarbons, the GC-FID traces of 

saturated hydrocarbon fractions unlikely reflect the composition of the indigenous hydrocarbons 

for the organic-lean samples X11278, X11294, X11299 and X11300, and therefore present  
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Figure 8.  GC-FID traces of saturated fractions for outcrop samples collected from Mackenzie Plain area during 

2010-2012 field seasons. 
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Figure 8 (continued).  GC-FID traces of saturated fractions for outcrop samples collected from Mackenzie Plain 

area during 2010-2012 field seasons. 
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Figure 8 (continued).  GC-FID traces of saturated fractions for outcrop samples collected from Mackenzie Plain 

area during 2010-2012 field seasons. 
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Figure 9.  GC-FID traces showing the composition of paraffin wax in a green marker and glass wool. 

 

misleading indications of oil quality.  Moreover, biomarker signatures from GC-MS analysis are 

barely recognizable for these four outcrop samples (Table 4; and discussion below).  

In fact, two samples (X10867 and X10868) from 2007-2008 field seasons are also extremely 

organic-lean, and their hydrocarbon compositions appear not to represent their oil quality either.  

This will be discussed in detail in the following sections. 

Arnica Formation Dolostone 

Dodo Canyon 

With a low TOC content of 0.11%, a low hydrogen index of HI=127 and a high content of non-

generative organic carbon at a very low maturity (i.e.,  Tmax of 435
o
C; Table 2), the Arnica 

Formation dolostone sample X11299 from Dodo Canyon (11DCH-008) cannot be considered as 

a potential source rock.  As discussed above, its extremely low content of free hydrocarbons does 

not qualify the Arnica dolostone as a potential reservoir rock either (Tables 2 and 3).  The waxy 

hydrocarbon signature as revealed by GC-FID analysis of its saturated fraction in Figure 8 most 

likely represents hydrocarbons from contaminants introduced during sample collection and 

handling, and thus cannot be used to interpret a waxy oil for the Arnica dolostone.  Its high 

percentage of polar fractions in the SARA composition (65.5%; Table 3) also supports this.  The 

original oil migrated into the Arnica dolostone, if any, has likely been heavily biodegraded with 

n-alkanes removed and leaving behind those iso- and cyclic- alkanes forming the UCM hump 
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atop of which sit the paraffin wax from contaminants as seen in Figure 8.  As such, any 

geological information based on the GC-FID trace such as pristane-over-phytane (Pr/Ph), 

pristane over C17 normal alkane (Pr/nC17) and phytane over C18 normal alkane (Ph/nC18) ratios 

regarding source rock organic input, depositional environment and maturation may be 

misleading and should be used with caution.  Unfortunately, GC-MS analysis of saturated 

fraction did not generate any meaningful signatures of sterane and hopane biomarkers, likely due 

to their low abundance in the rock (m/z 217, 218 and 191 mass chromatograms in Appendix B).   

GC-MS analysis of aromatic fraction of sample X11299 produced a value of 0.65 for the 

dibenzothiophene-over-phenanthrene ratio (DBT/Phen, Table 3).  Hughes et al. (1995) reported 

that hydrocarbons derived from carbonate source rocks usually display a DBT/Phen ratio greater 

than 1 and a Pr/Ph ratio less than 1 whereas the oils sourced from shale source rocks are the 

opposite. Therefore, a low relative abundance of sulfur-containing compounds suggests that a 

shale source rock has likely contributed to the hydrocarbon occurrence in the Arnica dolostone at 

Dodo Canyon.  This is supported by the presence, although weak, of arylisoprenoids in the 

aromatic fraction of the Arnica dolostone X12999 (Figure 10).  Arylisoprenoids with 1-alkyl-

2,3,6-trimethyl substitution patterns have been proposed to be derived from isorenieratane in 

green sulfur bacteria Chlorobiaceae and indicate a photic zone anoxia (Peters et al., 2005 and 

references therein).  They occur in high abundance in the Devonian Bakken Formation shale and 

associated oils, but are absent or present in low concentrations in the overlying Madison 

Lodgepole carbonate source rocks and associated oils from the Williston Basin (Jiang et al., 

2001; 2002).  They have also been found abundant in extracts from Devonian Exshaw, Duvernay 

and Horn River Formation shales from Western Canada Sedimentary basins (GSC internal data).  

The arylisoprenoids with both 1-alkyl-2,3,6-trimethyl and 1- alkyl-3,4,5-trimethyl substitution 

patterns are also abundant in the Norman Wells oil and extracts of Devonian Canol and Bluefish 

shales from the Mackenzie Corridor (m/z 134 in Figures 11 and 12), and have not been found in 

Cretaceous Slater River Formation shale in the area (GSC internal data).  This indicates that 

there may have been a source contribution of Canol and/or Bluefish shales to the hydrocarbons 

occurring in the Arnica dolostone in the Dodo Canyon area.   

 
Figure 10.  m/z 134 mass chromatograms showing the distribution of arylisoprenoids in Arnica Formation 

dolostone outcrop sample X11299 from Dodo Canyon. 
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Figure 11.  Mass chromatograms showing the distributions of steranes (m/z 217 and 218), tri-, tetra- and penta-

cyclic terpanes (m/z 191) and arylisoprenoids (m/z 134) in Norman Wells oil.  
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Figure 12.  Mass chromatograms showing the distributions of steranes (m/z 217 and 218), tri-, tetra- and penta-cyclic terpanes (m/z 191) and arylisoprenoids 

(m/z 134) for Devonian Canol Formation (left) and Bluefish Member shales.  
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Comparison with Imperial Anticline 

In fact, a source contribution from Devonian Canol/Bluefish shale to the Arnica dolostone does 

not only occur in the Dodo Canyon area.  Although a specific stratigraphic location of source 

was not determined, a Devonian shale source was assigned to the hydrocarbon occurrence in the 

Arnica/Fort Norman Formation dolostone from Imperial Anticline (Gal et al., 2009).  Similar to 

the Arnica dolostone outcrop sample from Dodo Canyon, the Arnica dolostone sample X10867 

from Imperial Anticline (07LG-12-B) is also extremely organic-lean, with a Rock-Eval TOC of 

0.12%, and a S1 value of 0.01 mg HC/g rock, as well as a solvent extract yield of 0.07% that is 

dominated by polar fractions (Tables 2 and 3).  Considering the status of the outcrop sample, its 

high abundance of n-alkanes/paraffin waxes seated atop an UCM hump as shown in Figure 13 is 

most likely from contaminants rather than original organic matter present in the rock.  The 

dominance of C29 over C30 hopanes and C24 tetracyclic over C26 tricyclic terpanes are strong 

indicators for a carbonate source for the hydrocarbons in the Arnica dolostone in Imperial 

Anticline (Table 4; Figure 14).  Carbonate facies source rock is also suggested by a DBT/Phen 

ratio greater than 1, typical for the organic-lean dolostone (Table 3).  However, as with the 

Arnica dolostone from Dodo Canyon, a low but significant presence of arylisoprenoids has been 

detected in the Arnica dolostone from Imperial Anticline, again implying a hydrocarbon source 

contribution from Devonian shale.  In addition, the C29-dominant sterane distribution (Figure 14 

and Table 4) could be caused by natural contamination from modern terrestrial higher plants, or a 

contribution from Precambrian source rocks (see discussion below on samples X11293 and 

X10869).  

In contrast to the Arnica dolostone from Imperial Anticline, the dolostone sample X10866, 

(07LG-12-A) from the Fort Norman Formation (an equivalent of Arnica/Bear Rock Formation) 

at the Imperial Anticline shows different geochemical features (Tables 2 and 3).  Although the 

Fort Norman dolostone has a low TOC of 0.20%, it contains a much higher abundance of free 

hydrocarbons as shown by Rock-Eval S1 peak and extract yield.  Its GC-FID trace of saturated 

fraction is dominated by a UCM hump, an indication of moderate to heavy biodegradation or 

weathering (Figure 13).  Considering that all other n-alkanes have been removed by weathering 

and biodegradation processes, the low MW n-alkanes in front of the UCM hump are likely from 

external contamination, and thus geological and geochemical information based on parameters 

such as Pr/Ph, Pr/nC17 and Ph/nC18 should be treated with caution.  Despite this, GC-MS analysis 

of saturated and aromatic fractions indicates significant contributions from Devonian Canol 

and/or Bluefish shales.  This includes a sterane distribution pattern of C29>C27>>C28, a high 

abundance of C26 to C30 tricyclic terpanes relative to hopanes, a DBT/Phen ratio less than 1, and 

more importantly, a high relative abundance of arylisoprenoids in the aromatic fractions.  All 

these are the common key geochemical features detected in the Norman Wells oils, and Canol 

and Bluefish shale extracts (Figures 14 and 11, 12; Tables 3 and 4; Hughes et al., 1995; Snowdon 

et al., 1987).  A dominance of C29 and C30 hopanes over other terpanes as shown on mass 

chromatogram m/z 191 suggests that, similar to the oil from Norman Wells field, Canol 

Formation shale has likely been the main source rock to the oil occurring in Fort Norman 

Formation limestone at Imperial Anticline. 

 



22 

 

 
Figure 13.  GC-FID traces of saturated fractions for outcrop samples collected from Mackenzie Plain area during 

2007-2008 field season. 
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Figure 13 (continued).  GC-FID traces of saturated fractions for outcrop samples collected from Mackenzie Plain 

area during 2007-2008 field season. 
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Figure 14.  Mass chromatograms showing the distributions of steranes (m/z 217 and 218), tri-, tetra- and penta-cyclic terpanes (m/z 191) and arylisoprenoids 

(m/z 134) in outcrop samples from Imperial Anticline. 
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Hume Formation Limestone 

Little Bear Hume 

Hume Formation limestone outcrop sample X11294 (11LBH-003) from Little Bear Hume is 

extremely organic-lean, and its hydrocarbons are dominated by paraffin wax due to 

contamination caused by sample collection and handling.  The geochemical parameters based on 

n-alkanes and acyclic isoprenoids such as ratios of Pr/Ph, Pr/nC17 and Ph/nC18 will unlikely 

provide meaningful information regarding the source of the indigenous hydrocarbons in the 

outcrop.  In contrast, the other Hume limestone sample from the Little Bear Hume area, sample 

X11295 (11LBH-001), has a much higher organic content, with a 3.39% TOC, 0.88 mg/g of 

Rock-Eval S1 peak, and an extract yield of 0.29% (Tables 2 and 3).  Saturated and aromatic 

hydrocarbons account for more 70% of its soluble organic matter.  Its GC-FID trace of saturated 

fraction is dominated by a large UCM hump atop of which sit some n-alkanes and acyclic 

isoprenoids (Figure 8).   

Despite the above discussed difference, GC-MS analysis of saturated fractions on these Hume 

Formation limestone samples from Little Bear Hume did not produce any recognizable 

distributions of steranes and hopanes, thus providing no information about possible source 

(Appendix B).  This is probably due to the high maturity experienced by the host rock (i.e., 

Tmax of 459
o
C) and high maturity of the hydrocarbons present in the rock as well as post-

migration alteration.  The maturation-related trimethyl naphthalene and methyl phenanthrene 

isomerization ratios (Table 5) are much higher for the Hume limestone samples from Little Bear 

Hume (and Carcajou River and Big Smith Creek) than for other samples, suggesting that the 

hydrocarbons have experienced higher thermal alteration than others (Peters et al., 2005).  

Nevertheless, a DBT/Phen ratio of 0.10-0.14 suggests shaly facies for their source rocks (Hughes 

et al., 1995).  Although arylisoprenoids have not been detected in these samples, a contribution 

from the Devonian Canol and Bluefish shales cannot be excluded, as the thermally less stable 

long chain alkylbenzene type compounds could have been destroyed due to the high thermal 

stress experienced by the samples. 

Big Smith Creek 

Hume Formation limestone outcrop sample X11300 (11BSC-001) from Big Smith Creek is 

extremely organic-lean.  Its hydrocarbon fraction is dominated by paraffin wax contaminants 

caused by sample handling (Figure 8), making the geochemical parameters based on n-alkanes 

and acyclic isoprenoids such as ratios of Pr/Ph, Pr/nC17 and Ph/nC18 unreliable for source 

interpretation.  GC-MS analysis of its saturated fraction did not produce any meaningful 

distribution of steranes and hopanes regarding its organic facies and maturation (Appendix B), 

probably due to their low abundance, high maturity and post-migration alteration as well.  

However, GC-MS analysis of aromatic fractions produced a <1 DBT/Phen ratio, suggesting that 

hydrocarbons in the Big Smith Creek Hume Formation limestone may be mainly derived from 

shale.  As with Little Bear Hume outcrop samples, it cannot be determined whether the Devonian 

Canol and Bluefish shales have made any source contribution. 
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GSC 

Sample 

Lab No. 

Unit Location 
Sample 

Type 
MPI-1 Rc (%) PI TNR-1 MDBTR 

X11278 Hume 
Carcajou 

River 

Lime 

mudstone 
1.02 1.01 1.04 1.17 17.05 

X11293 

 
Ramparts 

Mountain 

River II 
Wackestone 0.45 0.67 0.52 0.51 3.91 

X11294 Hume 
Little Bear 

Hume 

Lime 
mudstone 

0.90 0.94 0.88 1.08 6.96 

X11295 Hume 
Lime 

mudstone 
0.98 0.99 0.91 0.86 23.11 

X11296 Imperial Prohibition Ck Dolostone 0.80 0.88 0.73 0.54 1.43 

X11297 Hume 

Dodo Canyon 

 

Limestone 0.75 0.85 0.68 1.08 6.65 

X11298 Hume Limestone 0.83 0.90 0.66 0.82 7.52 

X11299 Arnica Dolostone 0.76 0.85 0.88 0.79 7.00 

X11300 Hume Big Smith Ck Wackestone 1.38 1.23 2.21 1.66 27.36 

X11417 Hume 
Mackay 

Range 

Wackestone 0.55 0.73 0.40 0.39 2.88 

X11419 Bluefish 
Lime 

mudstone 
0.65 0.79 0.60 0.41 4.09 

X11418 Canol Imperial River Bitumen 0.72 0.83 0.77 0.94 4.81 

X10866 Ft Norman 
Imperial 

anticline 

Dolostone 0.67 0.80 0.73 1.16 4.78 

X10867 Arnica Dolostone 0.74 0.84 0.64 0.73 3.70 

X10868 Hume 

Powell Creek 

Limestone 0.89 0.93 0.89 0.63 7.31 

X10869 Ramparts Limestone 0.33 0.60 0.27 0.37 5.82 

X10870 Ramparts Limestone 0.43 0.66 0.42 0.67 2.62 

X10871 Ramparts Limestone 0.51 0.70 0.46 0.67 4.01 

X10953 Imperial 
Katherine 

Creek 

Sandstone 0.82 0.89 0.79 0.65 1.09 

X10954 Imperial Sandstone 0.76 0.85 0.69 0.87 3.42 

*MPI-1, PI and TNR-1 are maturity indices based on phenanthrene, methyl phenanthrene and trimethyl 

naphthalenes. Rc(%): calculated vitrinite reflectance based MPI-1. See Peters et al. (2005) for definition. MDBTR: 

ratio of 4-methyl dibenzothiophene over 1-methyl dibenzothiophene.   

Table 5.  Selected maturity parameters based on aromatic hydrocarbons for the outcrop samples from Mackenzie 

Plain area. 

Mackay Range 

The Hume Formation wackestone sample X11417 (12-Mac-3m, Table 1) from Mackay Range 

has a relatively high content of organic matter, with a TOC of 0.95%, a S1 of 0.17 mg/g and an 

extract yield of 0.27% (Tables 2 and 3).  Hydrocarbons account for more than 62.4% of the total 

extract.  GC-FID trace of the saturated fraction is dominated by UCM humps atop of which sit 

some n-alkanes and acyclic isoprenoids peaks with the latter being dominant (Figure 8).  This 

suggests a moderate degree of biodegradation or weathering.  As the n-alkanes and acyclic 

isoprenoids have been affected, the related parameters such as Pr/Ph, Pr/nC17 and Ph/nC18 have 

to be utilized with caution in this study.  
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Both saturated and aromatic biomarker compositions indicate that hydrocarbons present in the 

Hume Formation wackestone sample X11417 from Mackay Range is mainly sourced from 

Devonian shales.  A low content of sulfur-containing compounds as reflected by a DBT/Phen 

ratio of 0.50 suggests that its main source rock is shale rather than carbonate (Table 3).  The 

Hume wackestone has a similar sterane composition to that of the Devonian Canol and Bluefish 

shales as well as the Norman Wells oil (Figures 15 and 11, 12; Table 4).  They all have a sterane 

distribution pattern of C29>C27>>C28 and a high abundance of rearranged steranes (diasteranes) 

relative to regular steranes.  In addition, sample X11417 contains a high concentration of 

arylisoprenoids that have been detected only in Devonian shales and associated oils.  A 

comparison of the mass chromatograms m/z 191 indicates that the Hume wackestone at Mackay 

Range has a pattern of tri-, tetra- and penta-cyclic terpane distribution closer to the Bluefish shale 

than the Canol shale and Norman Wells oil.  Whilst m/z 191 mass chromatogram for Canol shale 

and Norman Wells oil is mostly dominated by C29 and C30 hopanes, Hume wackestone from 

Mackay Range and Bluefish shales both display a dominance of C23-C30 tricyclic terpanes over 

C29 and C30 hopanes (Figures 15 and 11, 12).  Moreover, similar to the Bluefish shale, sample 

X11417 has a higher relative abundance of C27 18(H)- over 17(H)-trisnorhopane (i.e., Ts over 

Tm) than the Canol shale and Norman Wells oil (Snowdon et al., 1987).  This implies that the 

hydrocarbon occurring in the Hume Formation wackestone at Mackay Range is most likely 

sourced from Bluefish Member shale.  

Carcajou River 

Hume Formation limestone outcrop sample X11278 (LP10-069 in Table 1) collected from 

Carcajou River is extremely organic-lean, and its saturated hydrocarbons are dominated by 

paraffin wax from contamination.  Similar to other extremely organic-lean samples, molecular 

markers in the saturated fractions will not allow for any meaningful interpretation on the source 

of the indigenous hydrocarbons in the outcrop sample (Figure 8 and Appendix B).  A DBT/Phen 

ratio of 0.97 may suggest a source contribution from both shale and carbonate (Hughes et al., 

1995).   

Dodo Canyon 

Compared with the Arnica dolostone sample X11299 from the same area, the two Hume 

Formation limestone outcrop samples from Dodo Canyon, X11297 and X11298 (11DC-000A 

and 11DCH-004 respectively in Table 1) have slightly higher values of TOC (0.48 and 0.33% 

respectively) and S1 (0.07 and 0.04 respectively) but similar levels of extract yields (0.04-0.05%, 

Table 3).  As for the Arnica dolostone, the saturated fractions of these Dodo Canyon Hume 

limestone samples are also dominated by n-alkanes seated atop minor UCM humps.  There is a 

strong possibility that a significant portion of the n-alkanes were introduced to the samples via 

contamination, especially in the paraffin wax range, which can be readily confirmed via 

compound-specific carbon isotope analysis. Therefore, oil quality cannot not be inferred for 

Hume limestone samples just based on their GC-FID traces of saturated fractions. 
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Figure 15.  Mass chromatograms showing the distributions of steranes (m/z 217 and 218), tri-, tetra- and penta-

cyclic terpanes (m/z 191) and arylisoprenoids (m/z 134) in Hume Formation wackestone samples from Mackay 

Range, Mackenzie Plain area. 
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Figure 16.  Mass chromatograms showing the distributions of steranes (m/z 217 and 218), tri-, tetra- and penta-cyclic terpanes (m/z 191) and arylisoprenoids 

(m/z 134) for Hume Formation limestone outcrop samples from Dodo Canyon, Mackenzie Plain study area.
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The dominance of rearranged steranes (or diasteranes) over regular steranes and high abundance 

of C20-C21 steranes relative to C27-C29 steranes on the mass chromatogram m/z 217, and high 

abundance of tricyclic terpanes compared with hopanes on m/z 191 in Figure 16 all indicate that 

hydrocarbons in the Dodo Canyon Hume limestone have experienced a high level of thermal 

maturation.  This is in agreement with a maturity of peak oil generation as shown by their Tmax 

values of 456-458
o
C from Rock-Eval analysis (Table 2).  In addition to a high maturity, the 

abundant rearranged steranes (or diasteranes) also indicate a possible shale source for the 

hydrocarbons in the Hume limestone.  Both Hume limestone samples have a DBT/Phen ratio less 

than 1 and a Pr/Ph ratio greater than 1 (Table 3), further suggesting a shale source rock 

contribution (Hughes et al., 1995). As with the Hume outcrop samples from Little Bear Hume, 

Carcajou River and Big Smith Creek areas, a source contribution from Canol and Bluefish shales 

cannot be excluded at this time just based on the undetectable presence of arylisoprenoids in the 

samples.  This is in contrast to the Dodo Canyon Arnica dolostone sample X12999 where the 

presence of arylisoprenoids was detected despite its high maturity, showing its partial correlation 

with the Canol and Bluefish shales.  

Comparison with Hume Formation Limestone from Powell Creek 

The Hume Formation limestone outcrop sample X10868 (07LG-15-B in Table 1) collected from 

Powell Creek during 2007-2008 field seasons has an extremely low content of organic matter 

(Tables 2 and 3).  Although its solvent extract is mainly composed of polar components due to 

biodegradation and/or weathering, its saturated hydrocarbon fraction is dominated by paraffin 

wax (Figure 13).  It is obvious that the waxy signature is caused by contamination, and thus has 

no implication for its oil quality, either current or pristine.  In addition, GC-MS analysis did not 

reveal any detectable meaningful biomarkers in either the saturated or aromatic hydrocarbon 

fractions (Appendix B). 

Ramparts Formation Limestone 

Mountain River II 

The Ramparts Formation carbonate sample X11293 (11MR in Table 1) from Mountain River II 

has a high content of organic matter and is at peak oil generation stage based on its Tmax value 

of 448
o
C (Tables 2 and 3).  Its saturated fraction is mainly composed of n-alkanes in the range of 

nC13 to nC35 with nC14-nC17 being dominant (Figure 8).  This is different from other outcrop 

samples whose saturated fractions are either dominated by UCM humps due to 

biodegradation/weathering, or by paraffin wax from contamination.  GC-FID and GC-MS 

analysis show a DBT/Phen ratio less than one and a Pr/Ph ratio of greater than 1 for this sample 

(Table 3).  Sample X11293 also has a high content of diasteranes relative to regular steranes, and 

a low abundance of extended hopanes (C31-C35) relative to C30 hopane (Figure 17).  This 

suggests that the well-preserved free hydrocarbons in the Ramparts wackestone are likely mainly 

derived from a shale source (Hughes et al., 1995; Peters et al., 2005).  

Despite a likely shale source for hydrocarbons in the Ramparts wackestone at Mountain River II, 

a definite correlation cannot be established with any potential source rocks currently recognized 

in the Mackenzie Corridor area.  The Ramparts wackestone contains a much higher relative 

abundance of C24 tetracyclic terpane than the Devonian Canol and Bluefish shales (Figures 17 
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and 12, Table 4).  It has a C27-C28-C29 sterane distribution pattern of 23%-13%-64%, with C29 

steranes being overwhelmingly dominant, whereas C29 steranes account for less than 55% in the 

Devonian Canol and Bluefish shales (Snowdon et al., 1987; Feinstein et al., 1988).  Thus both 

terpane and sterane compositions distinguish the Ramparts wackestone from Devonian shales. 

Wielens et al. (1990) reported a <50% of C29 in the sterane distributions for Cambrian Mount 

Cap shale and Mount Clark oils.  Therefore, although the Ramparts wackestone X11293 has a 

terpane distribution generally similar to that of the Cambrian Mount Cap shale and the 

condensate produced from the Mount Clark Formation sandstone of Tweed Lake M-47 well, its 

C29-dominant (i.e., 64%) sterane distribution feature seems to exclude the Cambrian shale as its 

main source rock.  Likewise, the Cretaceous Slater River shale, which is mostly immature and 

has a sterane distribution pattern of 38%-31%-31% (Feinstein et al., 1988), has unlikely made 

any meaningful source contribution to the Ramparts Formation at Mount River II either.    

Although a dominance of C29 relative to C27 and C28 steranes has been mostly used as an 

indicator for terrestrial higher plant input to Mesozoic source rocks and associated oils, C29-

dominated sterane distributions have been observed in Precambrian geological samples 

worldwide (Fowler and Douglas, 1987; Grantham and Wakefield, 1988; Grosjean et al., 2009). 

For example, C29 constitutes an average of 70% of C27-C28-C29 steranes in the Neoproterozoic 

Huqf rock and associated oils from Oman.  This sterane character was attributed to the dominant 

contribution from green algae that synthesize primarily on C29 steroids.  Therefore, the 

hydrocarbons in the Ramparts Formation at Mount River II may have been derived from an 

undetermined Proterozoic shale source rock.   

Comparison with Ramparts Formation Limestone Outcrops from Powell Creek 

The Ramparts Formation limestone outcrop sample X10869 collected at Powell Creek during 

2007-2008 field seasons has a saturated fraction dominated by C14-C17 n-alkanes, with others 

being minor components (Figure 13).  It was previously proposed to be derived from a 

Cambrian/Ordovician/Silurian source rock (Gal et al., 2009).  Biomarker compositions indicate 

that hydrocarbons in X10869 have similar sources to the Ramparts wackestone sample X11293 

from Mountain River II (Figure 17).  This includes the distribution pattern of C29>>C27>C28 

steranes (Table 4), a high abundance of C24 tetracyclic terpane relative to C26 tricyclic terpanes, 

the distribution pattern of C27 to C35 hopanes including Ts and Tm, and the absence of 

arylisoprenoids for both samples.  However, as with the Ramparts wackestone sample X11293 

from Mountain River II, its C29-dominant sterane distribution feature likely points to a 

Precambrian shale source rock.  

The other two Ramparts Formation limestone outcrop samples from Powell Creek, X10870 and 

X10871 have similar hydrocarbon compositions except that X10871 has a lower content of 

organic matter and likely higher degree of contamination.  Their hydrocarbons have both been 

moderately to heavily biodegraded resulting in a large UCM hump on their GC-FID traces of 

saturated fractions (Figure 13).  They both display a sterane distribution pattern of C29>C27>>C28 

with abundant diasteranes (Figure 18). They also have a high abundance of tricyclic terpanes
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Figure 17.  Mass chromatograms showing the distributions of steranes (m/z 217 and 218), tri-, tetra- and penta-cyclic terpanes (m/z 191) and arylisoprenoids 

(m/z 134) for Ramparts Formation limestone outcrop samples from Mountain River II and Powell Creek, Mackenzie Plain study area. 
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m/z 217

m/z 218

m/z 191

m/z 134

12           14           16           18          20           22          24           26  (min)

10                15                20                 25               30                35  (min)

10                     20                    30                     40                    50       (min)

C29
St

C29
DiaSt

C20
C21

C27
DiaSt

C29

C28
C27

C30H

C29H

C24Tetra

Tricyclic Terpanes
C31H

Ts
C32H

Tm C33

12          14           16           18          20           22          24           26   (min)

10                15                20                25                 30               35   (min)

10                   20                    30                    40                    50              (min)

C29
St

C29
DiaSt

C20

C21
C27

DiaSt

C29

C28

C27

C20

C30H

C29H

C23

C28

C21

Tricyclic Terpanes

C31H

Ts C32H
C24Tetra



33 

 

 
Figure 18.  Mass chromatograms showing the distributions of steranes (m/z 217 and 218), tri-, tetra- and penta-cyclic terpanes (m/z 191) and arylisoprenoids 

(m/z 134) for Ramparts Formation limestone outcrop samples from Powell Creek, Mackenzie Plain study area.
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relative to hopanes, a Ts/Tm >3, and a low relative concentration of C31 to C35 extended hopanes.  

Arylisoprenoids, a biomarker for the euxinic reducing marine depositional environment are also 

abundant in these two samples, while their DBT/Phen ratios are less than one.  All these suggest 

a Devonian shale source for the hydrocarbon occurrence in the Ramparts limestone samples 

X10870 and X10871 from Powell Creek.  Moreover, Bluefish shale is more likely their main 

source rock considering their similarity in the distribution pattern of tri-, tetra- and penta-cyclic 

terpanes (mass chromatograms m/z 191 in Figures 18 and 12). 

Bluefish Member Outcrop Samples 

Mackay Range 

The high carbonate content as shown by an 8.5% MINC from Rock-Eval analysis supports that 

outcrop sample X11419 (12-Mac-15m in Table 1) collected from the Bluefish Member at 

Mackay Range is a limestone.  Its saturated hydrocarbon fraction GC-FID trace is dominated by 

UCM humps with some n-alkanes and acyclic alkanes seated atop (Figure 8), indicating that the 

oil has experienced a moderate biodegradation/weathering.  Its biomarker composition 

characteristics such as the abundant presence of arylisoprenoids, a low concentration of sulfur 

compounds reflected by a DBT/Phen ratio of 0.22, and a C29>C27>>C28 sterane distribution 

pattern show that the oil in the Bluefish lime mudstone is derived from Devonian shales (Figure 

19 vs Figures 11, 12).  Further, the predominance of C20 to C30 tricyclic terpanes over C29-C35 

hopanes and Ts over Tm as can be seen from m/z 191 mass chromatograms correlates the oil in 

the Bluefish limestone at Mackay Range more closely to the Bluefish shale than the Canol shale 

and Norman Wells oil.  

It is noteworthy that hydrocarbons in both limestone samples collected at Mackay Range, 

X11417 from Hume Formation and X11419 from Bluefish Member display similar SARA 

compositions and saturated GC-FID fingerprints (Tables 3 and 4; Figure 8).  They also contain 

almost an identical assembly of biomarkers (Figure 19 vs 15).  This leads us to believe that 

significant oil in both units at Mackay Range have been sourced from the same Devonian shale, 

probably Bluefish Member, and have experienced the same level of biodegradation.   

Canol Formation Outcrop Samples 

Imperial River 

The bitumen sample X11418 (12-IR-05) collected at the top of Canol Formation from Imperial 

River has a high content of polar components (ca 70%; Table 3), indicating that it has been 

exposed to severe biodegradation and weathering.  However, its saturated fraction is dominated 

by nC13 to nC20 n-alkanes and a smaller amount of high MW alkanes seated atop a low but wide 

UCM hump (Figure 8).  Considering the high content of organic matter and solvent extract yield 

(53.15% TOC and 4.92% respectively), the saturated hydrocarbon signature is likely pristine to 

the rock rather than from contamination.  This suggests that there has likely been a continuous 

expulsion and migration of high quality light oil within the Canol Formation shale in the 

Imperial River area, resulting in the deposit of a bitumen layer in the location where sample 

X11418 was collected.  The Canol bitumen has a saturated and aromatic biomarker signature  
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Figure 19.  Mass chromatograms showing the distributions of steranes (m/z 217 and 218), tri-, tetra- and penta-

cyclic terpanes (m/z 191) and arylisoprenoids (m/z 134) for Bluefish Member lime mudstone outcrop sample from 

Mackay Range, Mackenzie Plain study area. 
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ratio than the Norman Wells oil and Canol shales currently studied, which could be due to higher 

maturation experienced by the bitumen.  Therefore, the bitumen occurring at the top of Canol 

Formation has likely been sourced from Canol Formation shale itself, and the oil 

expulsion/migration/accumulation has been a dynamic process in the Imperial River area.  

 

Figure 20.  Mass chromatograms showing the distributions of steranes (m/z 217 and 218), tri-, tetra- and penta-

cyclic terpanes (m/z 191) and arylisoprenoids (m/z 134) for Canol Formation outcrop bitumen sample collected 

from Imperial River, Mackenzie Plain study area. 
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Imperial Formation Outcrop Samples 

Prohibition Creek 

An S1 value of 11.35mg/g from Rock-Eval analysis and a 1.88% extract yield from solvent 

extraction indicate an abundant presence of free hydrocarbons in the Imperial Formation 

dolostone outcrop sample X11296 (11PC-002) from Prohibition Creek (Tables 2 and 3).  GC-

FID trace of its saturated fraction suggests that the oil has been exposed to moderate 

biodegradation, resulting in the removal of n-alkanes and the dominance of acyclic isoprenoids 

(Figure 8).  The abnormally low Tmax value of 317
o
C is certainly caused by the presence of 

heavy hydrocarbons/bitumen (i.e., S2’ peak in Figure 21) that are trapped in the rock matrix and 

difficult to be released into Rock-Eval S1 peak.  This means that the high MW n-alkanes in the 

C27-C37 range are likely pristine to the dolostone and not contaminants introduced into the 

sample during sample collection and handling.   

 

A DBT/Phen ratio of 0.36 and a Pr/Ph ratio of 1.49 determine the main source rock for this oil to 

be shale rather than carbonate (Table 3).  Oil in the dolostone sample X11296 has a biomarker 

composition similar to those of the Norman Wells oil and Canol shale (Figure 22 vs Figures 11, 

12).  In addition to the high concentration of arylisoprenoids, a C29>C27>>C28 sterane distribution 

pattern and a high relative abundance of diasteranes, the dominance of C29 and C30 hopanes over 

other terpanes on m/z 191 mass chromatogram particularly correlate the oil in the Imperial 

Formation dolostone to oil produced from Norman Wells field and the Canol shale.  Thus Canol 

shale is likely the main source for the overlying Imperial Formation dolostone oil shows in the 

Prohibition Creek area. 

 

Comparison with Imperial Formation Sandstone Samples from Katherine Creek 

Two outcrop sandstone samples, X10953 and X10954 were collected from the Imperial 

Formation in the Katherine Creek area during 2007-2008 field seasons.  Also shown in Figure 21 

is the Rock-Eval analysis hydrocarbon pyrogram for sample X10953.  The front positioning of 

(or the front shoulder to) the S2 peak resulting in an abnormally low Tmax of 360
o
C indicates 

that it is not a result of hydrocarbon release from kerogen decomposition, but mainly composed 

of free heavy bitumen/hydrocarbon that was trapped in the rock matrix and not released during 

low temperature thermal desorption stage for S1 peak.  Interpreted with a 0.59% solvent extract 

yield, Rock-Eval analytical results (e.g., 0.61% TOC, 1.73mg/g S1 peak) indicate that sample 

X10953 is likely collected from a prospective reservoir zone in the Katherine Creek area (Tables 

2 and 3).  The co-occurrence of an apparent UCM hump and significant n-alkanes in the range of 

nC14-nC37 on the GC-FID trace of saturated fraction further suggests that there has been 

continuous or multi-stage oil charging to the reservoir with earlier oil accumulation altered due 

to biodegradation and/or weathering (Figure 13).   

 

A low concentration of sulfur compounds as reflected by a DBT/Phen ratio of 0.75 implies that 

the main source rock for sample X10953 is shale rather than carbonate (Table 3; Hughes et al., 

1995).  The C29>C27>>C28 distribution pattern for steranes and the abundant presence of 

arylisoprenoids in sample X10953 relate its main source to either Devonian Canol or Bluefish 

shales, or both (Figure 23).  However, the dominance of C20-C30 tricyclic terpanes over C29 and 
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C30 hopanes as well as low Tm relative to Ts suggest the Bluefish Member shale may have 

contributed more than Canol Formation shale to oil accumulation in the Imperial Formation 

sandstone reservoir at Katherine Creek where sample X10953 was collected. 

 

Contrary to sample X10953, sample X10954 has a much lower content of organic matter (e.g., 

0.20% TOC, 0.04mg/g S1 peak and 0.09% extract yield; Tables 2 and 3).  However, its saturated 

fraction GC-FID reveals a dominance of nC14-nC17 low MW n-alkanes seated atop a minor but 

apparent UCM hump, indicating a better oil quality (Figure 13).  Whilst the presence of UCM 

hump and the large percentage of polar components (80.8%; Table 3) imply that oil in sample 

X10954 has experienced a certain degree of biodegradation, it cannot be determined at this time 

whether the low MW hydrocarbons are pristine or from contamination.  As with sample X10953, 

the composition of sterane biomarkers and the occurrence of arylisoprenoids in sample X10954 

show a source contribution from Canol and/or Bluefish shales (Figure 23; Appendix B).  A 

partial contribution from a carbonate source rock is also likely based on the high relative 

concentration of C24 tetracyclic over C26 tricyclic terpanes, C29 over C30 hopanes, and Tm over 

Ts as can be seen on the mass chromatogram m/z 191 for sample X10954.  Nevertheless, the 

biomarker compositions of sample X10954 is dissimilar to that of  the oil produced from Mount 

Clark Formation sandstone of Cambrian in the Colville/Tweed Lake and Lac Maunoir areas, and 

thus is unlikely sourced from a Cambrian source rock.  

 

SUMMARY 

Although the analyzed outcrop samples appeared to be oil-stained in the field based on their 

visual appearance and/or petroliferous odour, some of them were found to be extremely organic-

lean with no reservoir potential.  In addition, hydrocarbons account for less than 40% of the total 

solvents extract in these organic-lean samples, and are mostly dominated by paraffin waxes 

which do not seem to be pristine but introduced to the rock samples via contamination during 

sample collection and handling.  These samples include the Arnica dolostone samples from Dodo 

Canyon and Imperial Anticline (X11299 and X10867), the Hume Formation limestone samples 

from Little Bear Hume, Big Smith Creek, Carcajou and Powell Creek (X11294, X11300, 

X11278, X10868).  

Saturated hydrocarbon fractions of the organic-rich samples are mostly characterized by a UCM 

hump with n-alkanes partially or totally removed, suggesting that they have experienced 

moderate to heavy biodegradation.  Saturated and aromatic biomarker compositions do not seem 

to have been affected by the post-migration alteration, and provide useful information about their 

source facies (Figure 24).  Oil in the Fort Norman Formation dolostone at Imperial Anticline and 

in the Imperial Formation dolostone at Prohibition Creek have similar distributions of steranes, 

terpanes and arylisoprenoids to the oil produced from Norman Wells field and the Canol shale, 

indicating that they are mainly sourced from the Devonian Canol Formation shales.  The fact that 

the bitumen sample X11418 collected from Canol-Imperial contact at Imperial River is 

dominated by C13 to C18 low MW hydrocarbons indicates that oil expulsion/migration/ 

accumulation within the Canol shale and associated reservoir system has been a dynamic 

process.  Although they have similar sterane and arylisoprenoid signatures to both Canol and 

Bluefish shales, oils in the Hume Formation wackestone at Mackay Range, in the Ramparts 

Formation dolostone at Powell Creek and in the Imperial Formation sandstone at Katherine 

Creek display a terpane distribution pattern closer that of the Bluefish Member shale.  This not 
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only implies that Bluefish Member shale is likely the main source rock for oil occurrences in 

Mackay Range, Powell Creek and Katherine Creek areas, but also clearly indicates that there is 

significant potential of finding Bluefish shale-sourced oil pools in the Mackenzie Plain area, 

although the giant Norman Wells field was determined to be sourced mainly from the Canol 

Formation shale (Snowdon et al., 1987).  

Although there is certain similarity in the distribution of saturated hydrocarbons among some of 

the Ramparts Formation limestone samples from Mountain River II and Powell Creek (e.g., 

samples X11293 and X10869) and Cambrian and Ordovician oils, there is significant difference 

in their sterane biomarker compositions.  The absolute predominance of C29 over C27 and C28 

steranes in those Ramparts Formation limestone samples from Powell Creek and Mountain River 

II site suggests a possibility of an active Precambrian source rock system contributing to oil 

accumulations in the Mackenzie Plain area. 
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Figure 21.  FID hydrocarbon pyrograms from Rock-Eval analysis for Imperial Formation dolostone at Prohibition 

Creek and Imperial Formation sandstone sample from Katherine Creek, Mackenzie Plain study area.  Bimodal S2 

peaks for sample X11926 and front shoulder to S2 peak for sample X10953 are due to the presence of heavy 

hydrocarbon/bitumen, resulting in abnormally low Tmax values of 317
o
C and 360

o
C, respectively. 
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Figure 22.  Mass chromatograms showing the distributions of steranes (m/z 217 and 218), tri-, tetra- and penta-

cyclic terpanes (m/z 191) and arylisoprenoids (m/z 134) for Imperial Formation dolostone outcrop sample collected 

from Prohibition Creek, Mackenzie Plain study area. 
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Figure 23.  Mass chromatograms showing the distributions of steranes (m/z 217 and 218), tri-, tetra- and penta-cyclic terpanes (m/z 191) and arylisoprenoids 

(m/z 134) for Imperial Formation sandstone outcrop samples collected from Katherine Creek, Mackenzie Plain study area. 
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Figure 24. Source classification of oil in the organic outcrop samples collected form Mackenzie Plain area. C30TT: 

C30 tricyclic terpanes; C30Hop: C30 hopane; C29 Steranes (%): percentage of C29 among C27-C28-C29 regular 

steranes 
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