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Abstract 
Source-rock characteristics of Lower Triassic Montney Formation presented 
in this study shows the total organic carbon (TOC) richness, thermal maturi-
ty, hydrocarbon generation, geographical distribution of TOC and thermal 
maturity (Tmax) in Fort St. John study area (T86N, R23W and T74N, R13W) 
and its environs in northeastern British Columbia, Western Canada Sedimen-
tary Basin (WCSB). TOC richness in Montney Formation within the study 
area is grouped into three categories: low TOC (<1.5 wt%), medium TOC (1.5 - 
3.5 wt%), and high TOC (>3.5 wt%). Thermal maturity of the Montney For-
mation source-rock indicates that >90% of the analyzed samples are thermally 
mature, and mainly within gas generating window (wet gas, condensate gas, 
and dry gas), and comprises mixed Type II/III (oil/gas prone kerogen), and 
Type IV kerogen (gas prone). Analyses of Rock-Eval parameters (TOC, S2, 
Tmax, HI, OI and PI) obtained from 81 samples in 11 wells that penetrated 
the Montney Formation in the subsurface of northeastern British Columbia 
were used to map source rock quality across the study area. Based on total or-
ganic carbon (TOC) content mapping, geographical distribution of thermal 
maturity (Tmax), including evaluation and interpretation of other Rock-Eval 
parameters in the study area, the Montney Formation kerogen is indicative of 
a pervasively matured petroleum system in the study area of northeastern 
British Columbia. 
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1. Introduction 

Source-rocks are precursors for hydrocarbon accumulation and reservoir poten-
tial. In general, source rocks are organic rich sediments that have, or may gener-
ate hydrocarbons [1], and are a primary element in any petroleum system [2]. 
Successful exploration for oil and gas depends largely upon the quality of 
source-rock. To determine source rock quantity, total organic carbon (TOC) 
content, and quality, Rock-Eval technique is used. Rock-Eval pyrolysis methods 
have been utilized worldwide for more than three decades as an aid to deter-
mining source-rock parameters: Tmax, TOC richness, Hydrogen Index (HI), 
Oxygen Index (OI), Production Index (PI), the remaining hydrocarbon gene-
rating potential (S2), and a host of other products [3]-[11]. Rock-Eval pyrolysis 
is used to rapidly evaluate and depict the petroleum generating potentials of 
prospective source rocks [11] by providing information about their: 1) kerogen 
type and organic matter quality; 2) type of organic matter and characteristics; 3) 
thermal maturity of the organic matter; and 4) hydrocarbon type (oil, gas or 
both).  

The geographical distribution of source-rocks parameters within a particular 
acreage of exploration objective constitutes part of the assessment mechanics of 
hydrocarbon exploration [11]. Source-rock evaluation involves assessing the 
hydrocarbon generating potential of sediments by examining the sediment’s 
capacity for hydrocarbon generation, type of organic matter present and what 
hydrocarbons might be generated, including sediment’s thermal maturity and 
how it has influenced generation [12]. To understand source-rock potential in 
Montney Formation, Rock-Eval method was utilized.  

The Triassic Montney Formation in Forth St. John study area (T86N, R23W 
and T74N, R13W), northeastern British Columbia (Figure 1) is classified as 
unconventional hydrocarbon reservoir [13]-[19]). In general, unconventional 
hydrocarbon reservoirs comprises tight gas, shale gas and coalbed methane [20]. 
Until recently, these reservoirs were previously considered non-economical, 
unproductive, and non-exploitable geological formations owing to poor under- 
standing of lithological heterogeneity and variability in mineralogy coupled with 
less advanced technology. However, improved technology has revolutionised 
unconventional or tight reservoirs. The inherent petrophysical properties of 
unconventional reservoirs are low matrix porosity of ≤10% and permeability of 
≤0.1 mD millidarcy, exclusive of fracture permeability [20]. Typically, these 
reservoirs depend on stimulation for production, and in general, contain large 
amounts of hydrocarbons; although, gas recovery factors may be low [21]. 

The Montney Formation in the study area is a primary focus of unconven-
tional gas reservoir exploration in Western Canada Sedimentary Basin (WCSB) 
because: 1) it is a source rock rich in organic matter [22]; 2) it has a thermal 
maturity that lies within gas generating window, and it is primarily a gas prone 
mixed Type II/III kerogen [22]; 3) the present study shows that the kerogen of 
the Montney Formation in the study area is mainly composed of Type III/IV and  
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Figure 1. Location map of study area showing wells (red color) that penetrated Montney Formation in northeastern British 
Columbia and Alberta, Canada. 

 
some mixed Type II/III kerogen with average TOC range of 0.5% - 4wt%; and 
upto 8.2wt% TOC (rare), but present); 4) it has a reservoir thickness upto 320 
meters in the study area; 5) it hosts substantial volumes (Natural Gas reserve = 
271 TCF), Liquefied Natural Gas (LNG = 12,647 million barrels), and oil reserve 
(29 million barrels) according to BC Ministry of Energy, Mines and Natural Gas 
[23]; and 6) porosity range from 2% - 10%, and sporadically > 10% in some in-
tervals where ichnofabric or dolomite dissolution have resulted in the formation 
of secondary porosity. These criteria make the Montney Formation an uncon-
ventional resource play with high potential within Fort St. John study area, nor-
theastern British Columbia (Figure 1). However, despite the strong economic 
significance of this hydrocarbon resource hosted in finer-grained lithologies 
“siltstone/very fine-grained sandstone” interval, the location and predictability 
of the best reservoir units remains conjectural: in large part because the geoche-
mistry, lithologic variability, and mineralogy of the Montney tight-rocks hosting 
thermogenic gas in the subsurface of Western Canada has not been adequately 
characterized [2] [18] [19]. 

The Montney Formation in the study area consists of siltstone with subor- 
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dinate interlaminated very fine-grained sandstone. [2] [24] shows that five 
lithofacies were identified in the study area: Lithofacies F-1 (organic rich, wavy 
laminated black siltstone); Lithofacies F-2 (very fine-grained sandstone 
inter-bedded with siltstone); Lithofacies F-3A (bioturbated silty-sandstone 
attributed to the Skolithos ichnofacies); Lithofacies F-3B (bioturbated siltstone 
composed of Cruziana ichnofacies); Lithofacies F-4 (dolomitic siltstone 
interbedded with very fine-grained sandstone); and Lithofacies F-5 (massive 
siltstone).  

The depositional environments interpreted for the Montney Formation in the 
study area is characteristic of lower shoreface through proximal offshore to distal 
offshore settings [2] [24]. The lower shoreface environment record trace fossils 
attributed to the Skolithos ichnofacies [25]. The proximal offshore environment 
have sedimentary structures formed under quiescent depositional conditions 
typically found below the fair weather wave base [26] such as lamination and 
current ripples [27]). The distal offshore environment has trace fossils attributed 
to distal expression of the Cruziana ichnofacies [25]. The observed sedimentary 
structures recorded in the logged Montney Formation cores includes current 
ripples, deformation structures, convolute lamination/bedding, etc. The sedi- 
ment deformation structures, convolute lamination/bedding formed due to 
mechanical forces causing plasticity, commonly related to gravity acting upon 
weak sediments usually silt or sands, prior to or soon after, or at deposition 
along the sediment surface [28] [29]; and escape traces (Fugichnia?), which are 
evidence of small scale episodic deposition due to local transport from the lower 
shoreface or proximal offshore to distal setting.  

This paper concerns itself with: 1) evaluation of the Montney Formation 
source-rock richness; 2) thermal maturity and hydrocarbon generation in the 
Montney Formation; and 3) geographical distribution of Rock-Eval (TOC and 
Tmax) parameters in the study area. 

2. Geological Setting 

The paleogeographic location of the Western Canada Sedimentary Basin 
(WCSB) during the Triassic time was situated at approximately 30˚N paleolati-
tude based on analyses of paleomagnetic data, paleolatitude and paleoclimatic 
zonation [30], and fauna record [31]. The paleoclimate reconstruction suggests 
that the paleoclimate may have ranged from sub-tropical to temperate [30] [31] 
[32]. The region has been interpreted to be arid during the Triassic, and was 
dominated by winds from the west [30] [33] [34]. 

The WCSB forms a northeasterly tapering wedge of sedimentary rocks with 
thickness of more than 6000 meters, which extends southwest from the Cana-
dian Shield into the Cordilleran foreland thrust belt [32] [35]. The Cordilleran of 
the WCSB provides the evidence that the origin and development of the basin 
was associated with tectonic activity [32] [36]. Later epeirogenic episodes re-
sulted in subsidence that created the basin for sediment accumulation, which 
were attributed to the effects of contemporaneous episodes of orogenic deforma-
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tion in the Cordillera [35] [37]. This is interpreted to be post Triassic, especially 
due to mountain influences [32]. [38] [39] [40] interpreted sediment loading, 
evidenced by the deformed bed, slump structures and small-scale faults as indi-
cators of tectonic influences on the deposition of Triassic successions. Within 
the Foothills and Rocky Mountain Front Ranges, Triassic rocks were subjected 
to Jurassic - Cretaceous Columbian and Upper Cretaceous - Lower Tertiary La-
ramide orogenies, which caused a series of imbricate thrust faults and folds in 
the region [41]. 

In Alberta and British Columbia, Triassic sediments were deposited in a 
central sub-basin known as the Peace River Embayment, which extended 
eastward from the Panthalassa western ocean onto the North American craton 
[41]. During the Triassic period, the Peace River Embayment was a low mini 
basin associated with minor fault block movement associated with a broad 
downwarp resulted in the rejuvenation of structural deformation within the 
Monias areas of southwest Fort St. John, British Columbia [41].  

Stratigraphically (Figure 2), the Triassic Montney Formation is Griesbachian 
to Spathian in age [42]. The Triassic succession thickened westward [41], and 
rests unconformably in most areas, upon the Belloy Formation in outcrop of 
northeastern British Columbia; Carboniferous in parts of northeastern British 
Columbia and Alberta; and Fantasque in outcrop at Williston [42]. The thick-
ness of Triassic deposits is about 1200 meters in the western-most outcrop in the 
Rocky Mountain Foothills [43]. The Montney Formation structure map (Figure 
3) indicates higher paleostructure in the east and low in the western portion of 
the study area. This structural tilt shows a depositional thinning to the east and 
north due to erosional removal [2] [24] [41]. 

3. Method of Study 

Drilled cores of the Montney Formation from the study area in Fort St. John 
vicinity, northeastern British Columbia were logged to assess sedimentological, 
ichnological and facies characteristics. The lithologic features and accessories, 
sedimentary texture, sedimentary structure, the nature of bedding contacts, and 
lithofacies were compiled in detail (Figure 4 and Figure 5).  

Samples were crushed into powder using the pulverized shatter-box machine 
at the University of Alberta’s rock-crushing lab. Samples were sent to Geological 
Survey of Canada and Chesapeake Energy Corporation, Oklahoma City, USA, 
for Rock-Eval analyses (Table 1). Additional Rock-Eval data (Table 2) included 
in this paper comes from Oil and Gas Commission, Ministry of Energy, British 
Columbia, and (Table 3) comes from [13]. 

The anhydrous pyrolysis technique used in this study evaluates oil and gas 
shows, oil and gas generation potential, thermal maturity and identifies organic 
matter type [1] [11] [44] [45] [46] [47]. The Montney Formation rock samples 
were pyrolyzed using Rock-Eval 6. [46] described the Rock-Eval technique as an 
apparatus, which consists of a programmed temperature heating of a small 
amount of rock sample (100 mg) in an inert atmosphere (Helium or Nitrogen)  
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Figure 2. Type log of the Montney Formation in the study area, northeastern British Columbia, Western Canada Sedimentary 
Basin (WCSB), adapted from [24]. 
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Figure 3. Structure contour map of the Montney Formation in the study area, northeastern British Columbia. Dash contour lines 
indicate no data point for well control. The structure map decreases in elevation westward, which indicates that sediment source 
area was from east, and prograded westward [2]. 

 
Table 1. Rock-Eval data from the Montney Formation, Fort St. John study area and environs, northeastern British Columbia, 
Canada. 

Well Location Depth (m) TOC S1 S2 S3 Tmax PI Cal % Ro HI OI 
a-20-H/093-P-09 2460.57 0.94 0.23 0.42 0.42 416 0.35 2.42 45 45 
a-20-H/093-P-09 2455 2.42 0.46 0.33 0.45 443 0.59 0.72 14 19 
a-20-H/093-P-09 2457 0.72 0.17 0.11 0.35 425 0.62 0.94 15 49 
d-39-F/093-P-09 2685.4 2.37 0.49 0.3 0.42 439 0.62 1 13 18 
d-39-F/093-P-09 2668.88 1 0.26 0.13 0.46 421 0.68 2.37 13 46 
07-13-079-15W6 2084.5 1.29 0.31 0.31 0.32 442 0.5 1.27 24 25 
07-13-079-15W6 2078.5 0.9 0.4 0.39 0.38 442 0.51 0.9 43 42 
07-13-079-15W6 2055.22 3.54 0.7 1.18 0.44 464 0.37 1.29 33 12 
02-19-079-14W6 2085 2.13 0.81 0.71 0.33 445 0.53 1.43 33 15 
02-19-079-14W6 2048 1.43 0.5 0.68 0.21 458 0.43 1.27 48 15 
02-19-079-14W6 2069.5 1.27 0.55 0.65 0.28 459 0.46 2.13 51 22 
11-04-079-14W6 2064.1 1.66 0.6 0.81 0.45 450 0.43 1.66 49 27 
11-04-079-14W6 2073.2 0.95 0.28 0.28 0.5 434 0.5 0.95 29 53 
09-29-079-14W6 1999 1.96 0.75 0.81 0.34 455 0.48 1.96 41 17 
13-16-079-14W6 2015 1.63 0.61 0.68 0.36 454 0.47 1.63 42 22 
b-39-H/093-P-09 2042 0.32 0.02 0.04 0.3 347 0.29 0.32 12 94 
b-39-H/093-P-09 2707 1.16 0.4 0.27 0.34 424 0.6 1.16 23 29 
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Table 2. Rock-Eval data from the Montney Formation (outside of study area), northeas-
tern British Columbia. Data source: B.C Oil and Gas Ministry of Energy, British Colum-
bia. 

Well Location Depth (m) TOC S1 S2 S3 Tmax PI Cal % Ro HI OI 

16-17-83-25W6 2233.7 2.37 0.4 0.38 0.19 495 0.51 1.75 16 8 

16-17-83-25W6 2236.4 3.62 0.63 1.16 0.18 526 0.35 2.31 32 5 

16-17-83-25W6 2238 0.52 0.09 0 0.09 0 0 0 0 17 

16-17-83-25W6 2240.8 8.2 0.27 1.78 0.46 514 0.13 2.09 22 6 

16-17-83-25W6 2242.5 2.99 0.38 0.69 0.28 521 0.35 2.22 23 9 

16-17-83-25W6 2245.6 3.89 0.27 1.31 0.31 516 0.17 2.13 34 8 

16-17-83-25W6 2248.1 7.42 0.41 0.5 0.26 508 0.45 1.98 7 4 

16-17-83-25W6 2251.5 5.16 0.25 1.36 0.39 509 0.16 2 26 8 

16-17-83-25W6 2252.6 6.1 0.29 1.83 0.3 500 0.14 1.84 30 5 

16-17-83-25W6 2259.5 5.37 0.22 0 0.25 0 0 0 0 5 

16-17-83-25W6 2260.6 1.74 0.14 0 0.26 0 0 0 0 15 

16-17-83-25W6 2262 0.64 0.37 0 0.27 0 0 0 0 42 

16-17-83-25W6 2265.2 1.05 0.19 0.06 0.16 470 0.76 1.3 6 15 

16-17-83-25W6 2273 1.55 0.33 0.06 0.27 461 0.85 1.14 4 17 

16-17-83-25W6 2279.2 2.79 0.3 0.16 0.27 471 0.65 1.32 6 10 

16-17-83-25W6 2281.2 3.66 0.35 0.64 0.32 480 0.35 1.48 17 9 

16-17-83-25W6 2282.4 4.13 0.33 0.35 0.26 471 0.49 1.32 8 6 

16-17-83-25W6 2288.4 2.57 0.76 0.41 0.29 479 65 1.46 16 11 

16-17-83-25W6 2294.6 0.03 0.28 0.09 0.27 469 0.76 1.28 300 900 

16-17-83-25W6 2299.4 2.05 0.51 0 0.3 0 0 0 0 15 

16-17-83-25W6 2317.8 1.13 0.34 0.01 0.25 439 0.97 0.74 1 22 

16-17-83-25W6 2318.5 1.54 0.39 0.03 0.3 459 0.93 1.1 2 19 

16-17-83-25W6 2323.9 2 0.35 0.01 0.27 461 0.97 1.14 1 14 

16-17-83-25W6 2330.3 0.03 0.37 0.11 0.28 464 0.77 1.19 367 933 

16-17-83-25W6 2332.8 3 0.25 0.02 0.27 460 0.93 1.12 1 9 

16-17-83-25W6 2341.9 2.14 0.24 0 0.29 0 0 0 0 14 

16-17-83-25W6 2352.39 1.49 0.32 0 0.38 0 0 0 0 26 

16-17-83-25W6 2354.3 0.94 0.36 0.02 0.36 464 0.95 1.19 2 38 

16-17-83-25W6 2355.94 2.36 0.24 0.12 0.34 483 0.67 1.53 5 14 

16-17-83-25W6 2360.5 2.82 0.21 0.02 0.29 468 0.91 1.26 1 10 

16-17-83-25W6 2366 2.46 0.32 0.1 0.35 477 0.76 1.43 4 14 

16-17-83-25W6 2370 4.16 0.46 0.48 0.3 478 0.49 1.44 12 7 

16-17-83-25W6 2370.6 5.17 0.65 0.65 0.26 477 0.5 1.43 13 5 

16-17-83-25W6 2373 2.14 0.54 0.54 0.32 478 0.5 1.44 25 15 

16-17-83-25W6 2377 1.35 0.29 0.05 0.27 469 0.85 1.28 4 20 

16-17-83-25W6 2380 4.71 0.4 0.04 0.24 461 0.91 1.14 1 5 

16-17-83-25W6 2383.15 3.07 0.37 0.31 0.35 476 0.54 1.41 10 11 

16-17-83-25W6 2387 0.45 0.37 0.11 0.28 0 0.77 1.19 24 62 

16-17-83-25W6 2392 0.78 0.2 0 0.33 0 0 0 0 42 

16-17-83-25W6 2394.3 0.2 0.11 0 0.27 0 0 0 0 135 

16-17-83-25W6 2400 1.63 0.22 0 0.29 0 0 0 0 18 

16-17-83-25W6 2404.45 1.77 0.36 0 0 0 0 0 0 0 
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Continued 

16-17-83-25W6 2415.7 1.32 0.2 0 0.38 0 0 0 0 29 

16-17-83-25W6 2419.6 1.19 0.46 0 0.25 0 0 0 0 21 

16-17-83-25W6 2421.8 1.8 0.14 0 0.26 0 0 0 0 14 

16-17-83-25W6 2427.9 1.63 0.36 0 0.25 0 0 0 0 15 

16-17-83-25W6 2428.7 2.02 0.57 0 0.35 0 0 0 0 17 

16-17-83-25W6 2433.3 1.99 0.31 0 0.21 0 0 0 0 11 

16-17-83-25W6 2435.4 1.83 0.37 0 0.16 0 0 0 0 9 

16-17-83-25W6 2442.44 1.73 0.2 0 0.29 0 0 0 0 17 

16-17-83-25W6 2447.76 2.21 0.28 0 0.25 0 0 0 0 11 

16-17-83-25W6 2449.7 1.86 0.47 0 0.3 0 0 0 0 16 

16-17-83-25W6 2453.9 1.96 0.2 0 0.28 0 0 0 0 14 

16-17-83-25W6 2470.8 1.65 0.24 0 0.18 0 0 0 0 11 

16-17-83-25W6 2481.7 2.23 0.2 0 0.21 0 0 0 0 9 

16-17-83-25W6 2482.7 1.72 0.31 0 0.24 0 0 0 0 14 
16-17-83-25W6 2486 1.62 0.43 0 0.22 0 0 0 0 14 

16-17-83-25W6 2490.2 2.17 0.36 0 0.26 0 0 0 0 12 

16-17-83-25W6 2492.7 1.4 0.29 0 0.23 0 0 0 0 16 

 
Table 3. Montney Formation Rock-Eval data [13]. 

Well Location Depth (m) TOC S1 S2 S3 Tmax PI Cal % Ro HI OI 

8-16-74-10W6 2260.9 4.12 1.82 1.97 0.25 453 0.48 n/a 47 6 

8-16-74-10W6 2261.4 3.54 1.65 1.86 0.26 454 0.47 n/a 52 7 

8-16-74-10W6 2261.4 3.02 1.72 2.13 0.25 449 0.45 n/a 70 8 

8-16-74-10W6 2262.3 4.4 1.69 2.06 0.25 455 0.45 n/a 46 5 

8-16-74-10W6 2262.3 3.36 1.8 2.4 0.22 453 0.43 n/a 71 6 

8-16-74-10W6 2264.1 1.58 2.27 1.14 0.37 444 0.67 n/a 72 23 

8-16-74-10W6 2264.1 1.55 2.27 1.13 0.4 437 0.67 n/a 72 25 

10-15-76-4W6 1482.5 4.33 1.64 13.03 0.93 441 0.11 n/a 300 20 

10-15-76-4W6 1482.5 4.21 1.75 13.59 0.84 439 0.11 n/a 322 18 

10-15-76-4W6 1484.1 2.23 0.95 6.55 0.82 443 0.13 n/a 293 34 

10-15-76-4W6 1484.1 2.28 1.01 7.18 0.73 441 0.12 n/a 314 31 

14-11-77-10W6 1942.1 2.79 1.05 6.37 0.59 447 0.14 n/a 230 21 

14-11-77-10W6 1942.1 2.84 1.07 6.83 0.6 443 0.13 n/a 243 21 

14-11-77-10W6 1947.6 5.97 2.05 14.6 0.61 447 0.12 n/a 246 10 

14-11-77-10W6 1947.6 5.87 1.95 14.58 0.63 445 0.12 n/a 249 10 

14-11-77-10W6 1951.7 3.69 1.93 8.29 0.49 448 0.19 n/a 227 13 

14-11-77-10W6 1951.7 3.71 1.92 8.37 0.53 448 0.18 n/a 228 14 

14-11-77-10W6 1952.3 6.18 2.63 14.71 0.51 446 0.15 n/a 240 8 

14-11-77-10W6 1952.3 6.33 2.64 14.19 0.47 446 0.16 n/a 226 7 

14-11-77-10W6 1953.8 10.24 3.63 19.19 0.4 451 0.16 n/a 187 3 

14-11-77-10W6 1953.8 10.26 3.89 20.14 0.21 451 0.16 n/a 196 2 

14-11-77-10W6 1956.2 4.58 3.71 6.73 0.14 456 0.36 n/a 146 3 
14-11-77-10W6 1956.2 4.58 3.65 6.85 0.19 454 0.35 n/a 149 4 

14-11-77-10W6 1957.9 11.09 3.84 29.69 0.26 449 0.11 n/a 267 2 

14-11-77-10W6 1957.9 11.63 4.06 31.65 0.19 450 0.11 n/a 272 1 
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Figure 4. Montney Formation core description from well 9-29-79-14W6. 
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Figure 5. Shows lithofacies of the Montney Formation (a) Plane lamination; (b) fractured 
siltstone along bedding plane; (c) silty-sandstone with current ripple sedimentary struc-
ture; (d) shows sediment deformation structure; (e) bioturbation by Phycosyphon?; (f) 
interbedded silty-sandstone.   
 
to determine the amount of free hydrocarbons present in a sample (usually de-
noted by the S1 peak). The amount of hydrocarbons and oxygen containing 
compounds (CO2) that are produced during the thermal cracking of the inso-
luble organic matter (kerogen) in the rock is represented by the S2 peak, which 
indicates the oil not yet released from the rock by natural processes and 
represents the residual petroleum potential (Figure 6).  

Rock-Eval pyrolysis is a standard analytical method used to determine pe-
troleum generating potential and the thermal maturity of the kerogen occur-
ring in a rock [5] [47]. The procedure consists of progressive heating the 
whole-rock from initial temperature of 25˚C by using the Rock-Eval 6 analyzer 
to measure the hydrocarbons released during the increased artificial thermal 
heating to 650˚C [46] as shown in Figure 6. The key parameters from Rock-Eval  
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Figure 6. Rock-Eval pyrolysis for Montney Formation sample (well 2-19-79-14W6, depth: 2085 m). (a) illustrates the effect of 
pyrolysis temperature with Rock-Eval. The S1 peak is the free hydrocarbon liberated during thermal decomposition at less than 
300˚C. The S2 peak is derived from the conversion of total organic matter to kerogen during pyrolysis (pyrolyzed fraction). The S2 
corresponds to the maximum temperature (Tmax); (b) shows the S3 peak (CO2) corresponding to 400˚C, which represents the 
oxidation of CO2. It also shows the difference in organic matter; (c) illustrates the pyrolysis carbon monoxide (CO); (d) shows the 
oxygen indices. The determination of oxygen index (OI) is based on using CO2 and CO; the CO = S3CO × 100/TOC Total oxygen 
index (OI) = CO2 + OI (CO); (e) shows the S4 peak, the oxidation carbon monoxide (CO); the peak shows the present of siderite 
mineral (400˚C - 600˚C); (f) Oxidation of CO and CO2. The red line is the temperature trace in 25 minutes from 300˚C to 650˚C. 
Distinctly bi-modal curve is due to pyrobitumen. 

 
analyses are: 1) the total organic carbon (TOC); 2) Tmax; 3) Hydrogen Index 
(HI); 4) Oxygen Index (OI); 5) Production Index (PI); and 6) S2 peak. 

4. Results 
4.1. Rock-Eval Geochemistry 

Rock-Eval was originally designed for measuring the maturity of coal mackerel 
[5] [48]. It is a useful screening technique for recognizing source rock and 
kerogen quality, and has become a major oil and gas exploration tool that give 
insights to the exploration geologist in terms of source rock characteristics, and 
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reservoir potential. The key parameters of Rock-Eval (TOC, Tmax, HI, OI, PI 
and S2 values) are fundamental to determining source rock richness, kerogen 
type, and maturation, which altogether form critical elements in the assessment 
of a petroleum system, risks segments and high grading resource plays.  

4.2. Description: Montney Formation Total Organic Carbon (TOC)  

The TOC content of a rock is determined by oxidation under air, in an oven 
from the organic carbon residue after pyrolysis [46]. The measured TOC values 
for the Montney Formation are shown in Tables 1-3. The geographical distribu-
tion of average TOC per well is shown in the study area in Figure 7. The general 
trend of TOC is low in the western part of study area, and TOC value increases 
eastwards into Alberta Province (Figure 7). TOC in the Montney Formation is 
variably and statistically grouped into low TOC (<1.5 wt%), medium TOC (1.5 - 
3.5wt%), and high TOC (>3.5 wt%). 

4.3. Interpretation 

TOC is an indicator of the total amount of organic matter present in the sedi- 
 

 
Figure 7. The Montney Formation average TOC (wt%) map within the study area, northeastern British Columbia and northwes-
tern Alberta. The red dots represent wells with Rock-Eval data. 
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ment [49]. The standard criteria for ranking source-rock richness (Table 4) was 
proposed by [50]. The hydrocarbon generating potential is commonly inter-
preted using a semi quantitative scale (Table 5) according to [51] [52]. The 
Montney Formation TOC richness and distribution within the study area may 
be related to factors such as: 1) depositional condition of organic matter, its 
concentration and preservation, including oxygen content of the water column 
and sediment type, i.e. oxic versus anoxic as proposed by [50] [53] [54]; 2) bio-
logical productivity influence and availability of nutrient and replenishment [50] 
[54]), controlled by sunlight, temperature, pH and Eh of waters [52]. Within the 
study area, the depositional environment interpreted for the Montney Forma-
tion is generally an offshore setting (inner shelf-proximal offshore to distal en-
vironment). The environment of deposition affects organic matter productivity 
and preservation [50] [53] [55]. 

Organic matter is preserved in oxygen-restricted environment at depths below 
wave base in waters where density or temperature stratified water columns form, 
or in locations where oxygen replenishment is low [53] [62].  

It is hypothesize herein that the TOC distribution in the study area (Figure 7) 
may be related to depositional environment’s proximity to organic matter source 
and preservation conditions. Where TOC values are greater than 2.4 wt% 
around Fort St. John (in a NW-SE transverse trending contour value 2) and  
 
Table 4. Criteria for ranking source rock and richness [50]. 

Source rock richness 

Organic Matter 

TOC (wt%) 
Shale 

TOC (wt%) 
Carbonate 

Rock-Eval Pyrolysis 

S1 S2 

Poor 0.0 - 0.5 0.00 - 0.12 0 - 0.5 0 - 2.5 

Fair 0.5 - 1.0 0.12 - 0.25 0.5 - 1.0 2.5 - 5 

Good 1.0 - 2.0 0.25 - 0.50 1.0 - 2.0 5 - 10 

Very Good 2.0 - 4.0 0.5 - 1.00 2.0 - 4.0 10 - 20 

Excellent >2.0 >1.00 >20 - 

 
Table 5. Hydrocarbon generation and maturity measurement using vitrinite reflectance 
[51] [56]. 

Oil Prone Generation Gas Prone Generation 

Generation Stage Ro (%) Generation Stage Ro (%) 

Immature <0.6 Immature <0.8 

Early oil 0.6 - 0.8 Early gas 0.8 - 1.2 

Peak oil 0.8 - 1.0 Peak gas 1.2 - 2.0 

Late oil 1.0 - 1.35 Late gas >2.0 

Wet gas 1.35 - 2.0 
  

Dry gas >2.0 
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east of that contour boundary (Figure 7), TOC values increases eastwards into 
Alberta where [13] have reported TOC for the Montney Formation >4 wt% 
(Table 3). TOC data from well 16-17-83-25W6, provided by Oil and Gas 
Commission, Ministry of Energy, British Columbia, which is located outside of 
this study area also shows TOC upto 8.2wt% in Montney Formation (Table 2). 
In the western portion of study area (west of the boundary contour value 2 in 
Figure 7), the TOC values are generally lower. In the eastern portion where 
there is higher TOC value, the area lies within the region that has been 
interpreted as outer shelf depositional setting. Relatively higher TOC value in 
this geographical region (eastwards) is probably due to increase oxidation, while 
reducing condition may have dominated the western portion in the study area 
where TOC is low in a distal/deep basinal setting. Several workers [11] [50] [53] 
[54] [55] [57] have reported that high TOC content or richness in sediments are 
related to the depositional environment, transport of organic matter and 
preservation. The abundant supply of nutrient and upwelling condition may 
have dominated the region with higher TOC values in the NE-SE portion of the 
study area (Figure 7). 

Determination of the original total organic carbon (TOC) of a source rock 
provides a quantitative means to estimate the total volume of hydrocarbons that 
it can generate depending on kerogen type [58]. However, it is common practice 
to rate carbonate rocks with lower TOC comparable with richer clastic rock [48]. 
Extractable Hydrocarbon yields from leaner carbonate rocks are comparable to 
richer clastic rocks [45] [59]. The organic matter associated with carbonate rocks 
are often more hydrogen-rich and thermally labile than that in fine-grained 
clastic rocks [1] [44] [47]. The Montney Formation is partly dolomitic and has 
variable TOC contents ranging from poor to excellent using the standard TOC 
richness metrics (Table 4). The low TOC content in Montney Formation in the 
study area may be related to the mixed siliciclastic-dolomite composition. 

4.4. Description: Montney Formation Hydrogen Index and  
Oxygen Index  

The Oxygen Index (OI) measure in mgCO2/gTOC is calculated from the amount 
of CO2 released and trapped at temperature ranging from 300˚C to 390˚C 
(Figure 6) during pyrolysis [46]. The Oxygen Index corresponds to the quantity 
of carbon dioxide from S3 peak (Figure 6) relative to the TOC (mgCO2/gTOC); 
while Hydrogen Index (HI) corresponds to the quantity of pyrolyzable organic 
compounds or “hydrocarbons” (HC) from S2 peak relative to the total organic 
carbon (TOC) according to [11]. The hydrogen index (HI) was calculated from 
the ratio of S2/TOC using the method of [47].  

In the Montney Formation samples analyzed in this study, which shows that 
the HI is statistically distributed into three categories in the order of highest 
percentile: low HI values (0 - 150); medium values (150 - 300); and high values 
(300 - 900). Of these categories, ~88% of the values are within the low HI values, 
while about 10% falls into the category of medium values; 2% are of the high 
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values bracket. The OI values are very low (Figure 8), mostly less than 160 and a 
couple of data point have exceptionally high HI and OI, which maybe outlier 
(Figure 8). 

4.5. Interpretation of Hydrogen Index (HI) and Oxygen Index (OI) 

The Hydrogen (HI) and Oxygen (OI) indices are used to determine the type of 
kerogen (Table 6) present in a source-rock [11] [46] [47] [85]. Based on the data 
plot of HI and TOC on the pseudo Van Kravelen diagram, it shows that the 
Montney Formation in the study area is primarily a Type III/IV kerogen with 
some mixed Type II/III kerogen (Figure 8-10, Table 6). For organic matter to 
generate hydrocarbons, the carbon has to be associated with hydrogen [12]). [1] 
[45] [48] define kerogen as a polymeric organic material from which hydrocar- 
bons are produced with increasing burial and temperature. Kerogen is composed 
of the remains of algae, spores, pollen, and vegetative tissues and they are the 
same groups of maceral found in coals: liptinite,vitrinite, and inertinite [11] [45] 
[48] [50] [55]. 
 

 
Figure 8. Shows a plot of Oxygen Index (OI) vs. Hydrogen Index (HI). The low OI and 
HI indicate that the Montney Formation in the study area is primarily a Type III/IV ke-
rogen, with a mixed Type II/III kerogen. 
 
Table 6. Interpretation of Hydrogen Index (HI) and Oxygen Index (OI) Values to deter-
mine Kerogen types [11] [12]. 

Kerogen 
HI OI 

S2/S3 
Main Expelled Product  

at peak maturity (mg HC/g TOC) (mg HC/g TOC) 

Type I >600 15 >15 Oil 

Type II 300 - 600 40 1.2 - 1.5 Oil 

Type II/III 200 - 300 40 - 115 1.0 - 1.2 Mixed oil and gas 
 

Type III 50 - 200 115 0.7 - 1.0 Gas 

Type IV <50 100 <0.7 Gas 
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Figure 9. Pseudo Van Krevelen diagram showing kerogen types and TOC richness in the 
Montney Formation. 
 

 
Figure 10. Shows the remaining hydrocarbon generating capacity (S2 peak) in the 
Montney Formation. 
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Kerogen is mainly classified into three types: Type I, Type II, Type III, [1] [45] 
and Type IV [53]. Kerogen types are defined on the basis of hydrogen/carbon 
(H/C) and oxygen/carbon (O/C) values, i.e., Hydrogen Index (HI) and Oxygen 
Index (OI) according to [54] [60] [61]. The use of Van Krevelen diagram was 
extended by [45] from coals to include kerogen dispersed in sedimentary rocks. 

4.6. Type II Kerogen 

The analyzed Montney Formation sediments in the study area show that Type II 
kerogen is present in the Montney Formation (Figure 9). Type II kerogen is oil 
prone [11], relatively rich in hydrogen and characterized by its pure (monoma-
ceral) form of exinite [54]. Examples of materials from which Type II kerogen 
are derived are spores and pollen grains of land plants, marine phytoplankton 
cysts, some leaf and stem cuticles [48] [54]. The occurrence of Type II kerogen 
depends on high biological productivity due to nutrient supply, low mineralogi-
cal dilution, and restricted oxygenation [54]. 

4.7. Type III Kerogen 

Type III kerogen is present in Montney Formation sediments in the study area 
(Figure 9) Using the S2 values (remaining hydrocarbon generating potential) 
versus TOC, the ratio of Type III kerogen to Type IV kerogen is approximately 
3:1 (Figure 11). [11] described Type III kerogen as primarily a gas prone kero-
gen, which contains dominantly vitrinite, and it is identical to macerel of humic 
coal [48]) formed from land plant, or largely woody and cellulosic debris [48]. 
However, various macerel mixtures or degradational processes can contribute to 
the Type III kerogen formation [54]. Type III kerogen is the most reliable kero-
gen to estimate in terms of the degree of maturation using Tmax [47]. 

4.8. Type IV Kerogen 

Analyzed data in this study shows that Type IV kerogen constitutes the highest 
percentile in the Montney Formation. [48] [50] [53] [54] defined Type IV kero-
gen as inertinite (gas prone), composed of hydrogen poor (HI ≤ 50) constituent, 
difficult to distinguish from Type III kerogen by using only Rock-Eval pyrolysis 
[54]. A graphical plot of S2 versus TOC with pseudo HI indicates that Type IV 
kerogen constitutes about 80% of the kerogen based on Rock-Eval dataset 
(Figure 11, Figure 12 and Tables 1-3). Type IV kerogen is formed from mate-
rials of various origin, and has undergone extensive oxidation, or may in some 
cases represent detrital organic matter oxidized directly by thermal maturation, 
sedimentological recycling of materials [54], or organic facies that has been re-
worked from a previous depositional cycle [48] [50] [53] [54]. 

4.9. Thermal Maturity 

Thermal maturity of organic rich sediment is the resultant effect of temperature 
driven reactions dependent upon time duration that convert sedimentary or- 
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Figure 11. Shows S2 peak (remaining hydrocarbon generating capacity) for the Montney 
Formation, which corresponds to the Tmax. The S1 peak is the liberated hydrocarbon 
during rapid artificial thermal cracking of kerogen during pyrolysis (see Figure 10). 
Sample location: well 2-19-79-14W6 (depth: 2085 m). 
 
ganic matter (source-rock) to oil, wet gas, and finally to dry gas and pyrobitu-
men [50]. Thermal maturity is conventionally classified into three categories: 1) 
immature; 2) mature; and 3) post-mature sources rocks [48] [50]. Knowing a 
rock’s remaining source-rock capacity solves only one part of the source rock 
evaluation puzzle; it is also necessary to know what level of thermal maturity is 
represented by the source rock [12]. Maturity can be estimated by several tech-
niques [11] [45] [46] [47] [48]. In this study, Tmax and vitrinite reflectance (Ro) 
measurements were used in the determination of thermal maturity of Montney 
Formation in the study area. The key to using maturity parameters effectively 
lies in evaluating the measured data carefully (and sometimes with skepticism), 
and whenever possible, it is better to obtain more than one maturity parameter 
[48]. Thus, Tmax, vitrinite reflectance (Ro) and Production index (PI) were in-
terpreted separately in this study, and then, a comparison between the three 
maturity parameters were synchronized to verify similarity or dichotomy be-
tween the three data. 

The amount and composition of hydrocarbons generated from a particular 
kerogen vary progressively with increasing maturity [55]. Thermal maturity of 
kerogen is commonly measured using Tmax and virtinite reflectance [3] [12] 
[63] [64], however, there are other parameters that are used as indicators of 
thermal maturity [48] [51]. Tmax and transformation ratio for organic matter 
(OM) Type 1, II and Type III/IV, shows that the maximum paleotemperatures 
and vitrinite reflectance indicates the level of kerogen maturity [45]. 

4.10. Description: The Montney Formation Thermal  
Maturity—Tmax 

Tmax is defined as the maximum pyrolysis temperature at which the maximum 
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amount of hydrocarbon is released by kerogen [5]. It is the maximum S2 peak in 
Rock-Eval pyrolysis (Figure 10 and Figure 11), the point at which the abun-
dance of artificially generated hydrocarbons are at the greatest as a result of 
ramping up of temperature upto 550˚C [46]. The macromolecular kerogen net-
work is cracked during pyrolysis to give an estimate of the thermal maturity of a 
source rock [3] [5] [65]. 

Tmax values in analyzed core samples from the Montney Formation in the 
study area range from Tmax 347 to Tmax 526 (Tables 1-3). The average Tmax 
values range from Tmax 423 to Tmax 567 from each well and were plotted as 
Tmax contour map to show the geographical distribution of thermal maturity 
within the study area in Fort St. John, northeastern British Columbia. Statistical 
distribution of the analyzed Tmax values for the Montney Formation in the 
study area shows that >90% of the reported Tmax values are within Tmax 450 
and Tmax 528. 

4.11. Interpretation of Tmax 

The interpretation of thermal maturity using Tmax criteria of [51] indicates that 
more than 90% of the Montney Formation samples reported in this study are 
thermally matured (Figure 12 and Figure 13). The geographical distribution of  
 

 
Figure 12. Thermal maturity of the Montney Formation determined with Tmax and vi-
trinite reflectance (Ro). The dotted line (Ro) is vitrinite reflectance calibrated with Tmax. 
This shows that the Montney Formation in northeastern British Columbia is extensively 
matured [24]. 
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Figure 13. The Montney Formation average Tmax (˚C) map. Tmax values are posted over TOC map to show geographical distri-
bution of source rock quality (TOC), and thermal maturity of source rock. The red dots represent wells with Rock-Eval data. Evi-
dently, the Montney Formation kerogen is thermally matured, and it is within the “peak gas” generation window in the study area, 
northeastern British Columbia, and northwestern Alberta as shown by the average Tmax values. 

 
Tmax values in the study area prompted a consideration of what might be the 
controlling factors on thermal maturity and the relationships with geothermal 
gradient in the study area (Figure 13). The understanding of the geothermal re-
gime in sedimentary basin is important for the studies of the evolution of a se-
dimentary basin as well as accumulation of hydrocarbons and other energy re-
sources [66]. The generation of hydrocarbons (oil and gas) from any basin is 
dependent on the temperature reached by the organic-rich source rocks during 
their burial history [67]. Several workers [68]-[80] have reported heat transfer 
processes (convection and conduction), observed geothermal pattern, thermal 
and hydraulic conductivities, heat generated internally in the crust by the decay 
of radioactive elements, regional scale distribution of geothermal gradient, hy-
drogeological effects in establishing geothermal pattern, and statistical distribu-
tion of geothermal values in Western Canada Sedimentary Basin. Using geo-
thermal calculations of [67] [72] [73] [74] [75] in Western Canada Sedimentary 
Basin, a comparison of the distribution of Tmax in the study area shows no par-
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ticular striking relationship with the distribution of geothermal gradient owing 
to the small size of the study area. There appears to be no distinct distribution of 
Tmax values. [75] shows a regional-scale (basin-wide) distribution of the inter-
nal geothermal gradient across the entire Western Canada Sedimentary Basin, 
which shows a NW-SE increase in geothermal gradients. [69] reported a nor-
therly trending increase in heat flow, which was interpreted to be caused by 
crustal thinning. The controlling mechanisms of heat transfer in the Western 
Canada Sedimentary Basin are conduction and convection by moving fluids or 
flow of formation water [75], and hydrogeological effects [72]-[80]. This inter-
pretation of geothermal distribution provides the underlying factors responsible 
for Tmax values in the study area. The geothermal gradient provides the answer 
to thermal maturity differences evident by the Tmax values in the Montney 
Formation within the study area in northeastern British Columbia (where the 
Montney Formation is mainly a gas prone reservoir) and in Alberta (the Mont-
ney Formation is mostly oil prone). The type of hydrocarbons produced (oil vs. 
gas) in the two Provinces (British Columbia and Alberta) from the Montney 
Formation is interpreted herein to be related to geothermal gradient that differen-
tially affected source-rock thermal maturity in British Columbia and Alberta [75] 
[69]. The differential heating of the Montney Formation Kerogen at different 
temperatures (higher) in British Columbia than in Alberta (lower) as shown by 
[69] is responsible for the type of hydrocarbon that have been generated in 
Montney Formation in British Columbia and in Alberta. 

4.12. Description: The Montney Formation Thermal  
Maturity—Vitrinite Reflectance 

The vitrinite data analyzed from the Montney Formation in this study is shown 
in Table 7. The available organic matter for each samples analyzed varies from  
0 - 6 (Table 7). The vitrinite particles available for analysis in the analyzed sam-
ples range from 0 - 4. The measurement of vitrinite particles involves recording 
of the percentage of incident light, usually at a wave length of 546 nm, reflected 
from vitrinite particles under oil immersion [61]. The none availability (zero 
values in Table 7) of vitrinite particles, and very low vitrinite particles in the or-
ganic matter composition resulted in low level of confidence as shown in Table 
7 (using a ranking scale 0 - 9). The level of thermal maturation of Montney 
Formation kerogen as revealed by vitrinite reflectance (Ro) analysis shows that 
data values range from (Ro 0.74% to 2.09%). Samples that have no vitrinite par-
ticles to measure are designated null (zero values) of vitrinite in Table 7. 

4.13. Interpretation of Vitrinite Reflectance (Ro) 

Vitrinite is a type of kerogen particle formed from humic gels thought to be de-
rived from the lignincellulose cell walls of higher plants [81]. Vitrinite is a com-
mon component of coal, and the reflectance of vitrinite particles was first ob-
served to increase with increasing time and temperature in a predictable manner 
in coals [82].  
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Table 7. Vitrinite reflectance measured from the Montney Formation sediments in British Columbia. 

Sample No. Well Location Depth (m) 
Primary vitrinite pop statistics 

Polish 
Organic  
matter  

available 

vitrinite 
available 

Confidence in 
measurement 

(rated on 0 - 9) 
b  

TOC wt 
(%) Mean SD n 

C-492838 A-20-H-93-P-9 2455.00 1.50 0.035 2 7 2 1 3 2.42 

C-492839 A-20-H-93-P-9 2457.00 - - 0 7 2 0 2 0.72 

C-492837 A-20-H-93-P-9 2460.57 1.81 0.000 1 7 1 1 2 0.94 

C-492841 d-39-F-93-P-9 2668.88 - - 0 7 1 0 2 1.00 

C-492840 d-39-F-93-P-9 2685.40 1.34 0.134 2 8 1 1 2 2.37 

C-492844 7-13-79-15-w6 2055.22 1.49 0.152 6 8 6 5 6 3.54 

C-492843 7-13-79-15-w6 2078.50 1.52 0.064 2 8 1 1 2 0.90 

C-492842 7-13-79-15-w6 2084.50 1.27 0.084 3 8 1 1 3 1.29 

C-492846 2-19-79-14-w6 2048.00 1.18 0.151 3 8 1 1 3 1.43 

C-492847 2-19-79-14-w6 2069.50 1.22 0.150 4 7 1 1 3 1.27 

C-492845 2-19-79-14-w6 2085.00 1.04 0.000 1 7 1 1 2 2.13 

C-492848 11-04-79-14-w6 2064.10 - - - - - - - 1.66 

C-492849 11-04-79-14-w6 2073.20 1.18 0.113 4 7 1 1 2 0.95 

C-492850 9-29-79-14-w6 1999.00 1.14 0.120 6 7 1 1 3 1.96 

C-492852 13-16-79-14-w6 2015.00 1.04 0.032 3 7 1 1 2 1.63 

C-492853 b-39-H-93-P-9 2042.00 - - 0 7 0 0 2 0.32 

C-492854 b-32-G-93-P-9 2707.00 - - 0 7 0 0 2 1.16 

 
Based on the vitrinite reflectance data from Montney Formation in the study 

area, the results indicate that vitrinite reflectance (Ro) range from 0.74% - 2.09%, 
which is interpreted herein as primarily a gas prone kerogen (Figure 14) using 
standard vitrinite interpretation criteria (Table 5) of [51]. This interpretation 
has credibility because it corresponds to the same indication of gas window ma-
turity using Tmax interpretive standard of [51] as shown in Figure 12. However, 
it is common, or not unusual to encounter low availability of vitrinite particles 
during laboratory analysis as seen in some of the samples shown in Table 7.  

The low, or none availability of vitrinite particles can result to difficulty in 
differentiation of primary vitrinite coupled with insufficient grains to make a re-
liable determination of the reflectance of the samples constitute factors that af-
fect the quality of vitrinite reflectance [64]. Similarly, inconsistencies or error 
can result from the measurements of vitrinite reflectance [12] [83], and variation 
in chemical composition of vitrinite may lead to invalid comparison of vitrinite 
gradient [64]. Although the aforementioned analytical mechanics makes vitrinite 
reflectance results to be viewed with skepticism [48], the method remains useful 
and conventionally implored in thermal maturity determination [63].  

Vitrinite reflectance in source-rock kerogen is related to the hydrocarbon 
generation history of sediments [64]. Vitrinite reflectance has been successfully 
used to demonstrate the reliability of the technique as indicator of organic ma-
turation in source-rock, indicating potential areas of oil and gas generation  
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Figure 14. Total Organic carbon (TOC) vs. vitrinite reflectance (Ro) showing the thermal 
maturity of Montney Formation source-rock, and hydrocarbon generating phases in the 
Montney Formation sediments from study area, northeastern British Columbia [24]. 
 
within a prospect [50]. Vitrinite reflectance (Ro) is one of the methods used in 
evaluation of thermal transformation of organic-rich sedimentary rocks [63] in 
hydrocarbon exploration [1] [45] [48] [57]. Vitrinite increases during thermal 
maturation due to complex, irreversible aromatization reactions [50]. It has been 
established that vitrinite reflectance correlates well with coal rank, which is pri-
marily a function of time and temperature [60].  

The thermal transformation of vitrinite can be related to geothermal and pa-
leotemperature [64], which proceeds by a series of irreversible chemical reac-
tions that cause organic matter alteration due to thermal cracking [63] [84]. 
Thus, vitrinite reflectance is used as thermal maturation indicator that provides 
a means of determining the maximum temperature exposure of sedimentary 
rocks [63] [84]. 

4.14. Description: Thermal Maturity—Production Index (PI) 

The production index (PI) data in Montney Formation from the Rock-Eval 
analysis shows that PI has very low values (range from 0.11 to 2.6). More than 
90% of PI values from the study area are less than 1. The relationship between 
production index (PI) and Tmax is shown in Figure 15. 

4.15. Interpretation of Production Index (PI) 

The production index (PI) is also a parameter that is used in conjunction with 
other thermal maturity parameters to indicate type of hydrocarbon generated 
[50], and was interpreted based on the geochemical parameters describing ther-
mal maturation (Table 8). The PI values in this study indicate that the Montney 
Formation sediment is mostly matured and post matured (Table 8 and Figure 
15). 
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Figure 15. Shows that the Montney Formation kerogen is thermally matured, and exten-
sively composed of gas. 
 
Table 8. Geochemical parameters describing the level of thermal maturation [50]. 

Stage of Thermal Maturity 
Maturation Parameters 

PI [S1/(S1 + S2)] 
Ro (%) Tmax (˚C) 

Immature 0.2 - 0.6 <435 <0.10 

Mature 
   

Early 0.6 - 0.65 435 - 455 0.10 - 0.15 

Peak 0.65 - 0.9 455 - 450 0.25 - 0.40 

Late 0.9 - 1.35 450 - 470 >0.40 

Postmature >1.35 >470 - 

5. Reservoir Characterization of the Montney Formation 
5.1. Porosity Data-Description 

Approximately thirty data point from the Montney Formation samples were 
analyzed for porosity (porosity of bulk volume and gas filled porosity) in rela-
tion to depth (Figure 16). The data show a side-by-side porosity value that 
nearly mimic bulk volume porosity and gas filled porosity (Figure 16). The 
highest value of porosity (Table 9) from well 16-17-82-25W6 is 5.67% and low-
est value is 1.22%. Some cores of the Montney Formation have porosity greater 
than 5.6% (Figure 17). Visual observation of porosity from thin-section petro-
graphic analysis revealed vuggy porosity (Figure 18). 
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Table 9. Petrophysical characterization of the Montney Formation in well 16-17-82-25W6 (Data source: B.C Oil and Gas Commis-
sion). 
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1 2233.82 2.607 2.702 2.711 3.98 7.25 88.40 4.35 3.52 0.00 2.21 0.000216 

2 2238.12 2.684 2.716 2.717 1.22 0.81 98.37 0.81 1.20 0.17 0.19 0.000114 

3 2242.62 2.585 2.666 2.669 3.22 0.30 94.36 5.35 3.04 0.07 1.33 0.000194 

4 2248.22 2.481 2.578 2.586 4.22 8.92 89.12 1.96 3.76 0.15 2.30 0.000297 

5 2251.62 2.462 2.552 2.568 4.46 17.52 78.81 3.67 3.52 0.06 2.55 0.000254 

6 2252.72 2.445 2.539 2.560 4.97 21.63 75.10 3.27 3.73 0.06 2.80 0.000227 

7 2265.32 2.582 2.670 2.684 4.06 14.76 81.02 4.22 3.29 0.00 1.81 0.000132 

8 2279.32 2.554 2.638 2.655 4.16 19.30 76.62 4.09 3.19 0.07 2.64 0.000172 

9 2288.52 2.579 2.679 2.691 4.38 11.08 85.01 3.91 3.73 0.00 2.38 0.000140 

10 2299.52 2.757 2.814 2.817 2.14 0.48 95.23 4.30 2.04 0.00 0.30 0.000110 

11 2318.62 2.569 2.680 2.694 4.87 10.14 84.98 4.88 4.14 0.00 2.37 0.000118 

12 2330.42 2.570 2.686 2.686 4.33 0.22 99.56 0.22 4.31 0.16 0.94 0.000151 

13 2342.02 2.608 2.709 2.720 4.27 7.45 86.91 5.64 3.71 0.00 2.03 0.000118 

14 2354.42 2.599 2.698 2.714 4.55 14.13 80.60 5.27 3.67 0.00 3.36 0.000166 

15 2356.06 2.600 2.695 2.711 4.39 17.48 80.55 1.97 3.54 0.00 3.07 0.000133 

16 2366.12 2.532 2.637 2.660 5.26 19.34 76.23 4.44 4.01 0.00 3.08 0.000221 

17 2373.12 2.549 2.661 2.673 4.82 8.38 86.75 4.87 4.18 0.00 2.44 0.000137 

18 2380.12 2.540 2.642 2.652 4.44 11.22 86.87 1.91 3.85 0.08 2.54 0.000151 

19 2387.12 2.610 2.715 2.723 4.27 4.51 89.85 5.64 3.84 0.00 2.31 0.000134 

20 2392.12 2.658 2.737 2.744 3.24 3.93 88.52 7.55 2.86 0.00 1.17 0.000110 

21 2400.12 2.651 2.724 2.734 3.20 8.87 83.49 7.64 2.68 0.00 2.16 0.000131 

22 2404.57 2.649 2.730 2.747 3.86 17.49 76.17 6.34 2.94 0.00 3.33 0.000162 

23 2415.82 2.654 2.741 2.766 4.48 24.28 70.25 5.47 3.15 0.00 3.43 0.000161 

24 2433.42 2.575 2.697 2.708 5.09 7.47 89.17 3.36 4.54 0.07 2.66 0.000145 

25 2447.64 2.586 2.701 2.710 4.70 4.06 90.86 5.08 4.27 0.00 4.20 0.000237 

26 2470.92 2.598 2.712 2.724 4.79 7.20 87.79 5.00 4.21 0.00 4.12 0.000207 

27 2490.32 2.642 2.721 2.744 4.18 26.55 69.26 4.19 2.90 0.07 4.38 0.000214 

28 2501.82 2.611 2.685 2.714 4.38 31.91 62.59 5.50 2.74 0.00 5.50 0.000222 

29 2517.12 2.566 2.697 2.713 5.67 10.53 85.29 4.18 4.83 0.00 4.07 0.000337 

30 2522.82 2.570 2.678 2.699 5.15 18.08 78.59 3.32 4.04 0.07 4.84 0.000312 
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Figure 16. Shows porosity and gas filled porosity of the Montney Formation (well 
16-17-82-25W6). The graph shows very excellent correlation between porosity and gas 
filled porosity. (Data source: B.C. Oil and Gas Commission). 

5.2. Interpretation of Porosity 

Porosity is dependent on grain texture, which is determined largely by grain 
shape, roundness, grain size, sorting, grain orientation, packing, and chemical 
composition (cement precipitation and diagenetic modification). Distribution of 
pore structure, or pore-throat controls the porosity in tight rock matrix. The low 
values of measured porosity as observed in thin-section petrography are evi-
dence of a combination of textural heterogeneity, mineral alteration, and trans-
formation produced by diagenesis in the Montney Formation. 

The petrographic analysis shows evidence of uniformity of grain size, and 
sorting of the Montney Formation sediments, which is dominantly siltstone with 
matrix of clay admixed very fine-grained sandstone and dolomite, precludes the 
effective inter-particle (inter-void communication), thus, average porosity is  
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Figure 17. Porosity vs. permeability crossplot for the Montney Formation, well: 
2-19-79-14W6 (depth 2037.40 - 2091.90 m). Data source: B.C. Oil and Gas Commission. 

 

 
Figure 18. Microphotograph showing dolomitic siltstone facies and the associated vuggy 
porosity resulting from dissolution of material. Yellow arrow labeled “P” is pointing to 
vuggy porosity. 
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considerably low as evident by the measured porosity values (Table 9). Observed 
vuggy porosity in some interval in the Montney Formation is associated with 
biogenic modification of textural fabric (Figure 18). The observed porosity in 
thin-section is partly associated with organic matter dissolution and replacement 
by pyrite, and biogenically produced secondary porosity. Also, relatively higher 
porosity in the Montney Formation is associated with bedding plane fractures. 
Bedding plane porosity observed in the Montney Formation results from varie-
ties of concentrated parallel lamination to bedding planes. The larger geometry 
of many petroleum reservoirs are controlled by such bedding planes primarily 
formed by the differences of sediments calibre or particle sizes and arrangements 
influenced by the depositional environment [85]. 

5.3. Permeability Data Description 

Measured pressured decay permeability from cores (Figure 19) shows very low 
permeability values that range from 0.000337 to 0.000110 mD. The statistical  

 

 
Figure 19. Graph showing permeability vs. depth of the Montney Formation from well 
16-17-82-25W6, northeastern British Columbia (Data source: B.C. Oil and Gas Commis-
sion). 
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vertical distribution of permeability values plotted in relation to depth show a 
cyclic pattern in variation (Figure 19).  

5.4. Interpretation Permeability  

Apart from the porosity of a reservoir, the ability of the rock to allow the flow of 
fluid through the interconnected pores, which is permeability (kv = kh), is a cru-
cial reservoir parameter in the evaluation of any oil and gas play. The permeabil-
ity of a rock depends on its effective porosity; which is controlled by grain size 
distribution, degree of sorting, grain shape, packing, and degree of cementation 
[84] [86]. The evaluation of permeability of heterogeneous clastic rocks from 
core or downhole is one of the most important goals of reservoir geoscience [87]. 

The results from permeability analyses in this study are related to the overall 
textural heterogeneity, porosity, and in part, related to ichnofabric modification. 
The Montney Formation is composed of dolomitic, silt-size grains and subordi-
nate very fine-grained sandstone. The implication of grains-size in-terms of 
permeability is in relation to the fact that smaller grain-sizes have smaller per-
meabilities than those with larger grain-sizes because smaller grain-sizes will 
produce smaller pores and smaller pore throats, which can constrain the fluid 
flow in a manner lower than flows in larger grains, which produce larger pore 
throats [86]. Furthermore, the smaller the grain-size, the larger the exposed 
surface area to the flowing fluid, which leads to larger friction between the 
fluid and the rock, and hence lower permeability [86]). [88] have shown that 
there is strong correlation between permeability and grain-size of unconsoli-
dated sands and gravels, with permeability increasing exponentially with in-
creasing grain-size. 

Intervals were bedding plane fractures and ichnofabric modification occur 
shows relatively higher values in permeability. The observed porosity in thin-section 
(micron scale), shows that the porosity is associated with: 1) dissolution of or-
ganic matter or dolomitic material caused by diagenesis; 2) bioturbation-en- 
hanced porosity resulting from burrows by organisms; and 3) fracture porosity 
along bedding planes. [89] [90] have shown that reservoir enhancement in un-
conventional thinly bedded, silty to muddy lithologies of unconventional reser-
voir with low permeability can be enhanced by the activity of burrows.  

5.5. Fluid Saturation-Data Description 

Data analyzed for fluid saturation (gas saturation, mobile oil saturation, water 
saturation, and bound hydrocarbon saturation) indicates that water saturation is 
the second highest fluid, next to gas saturation; while, mobile oil saturation and 
bound hydrocarbon saturation (Figure 20) are negligible in comparison with gas 
saturation (Table 9) or water saturation. By far, gas saturation is very high 
throughout the interval of measurement, yielding as high as 99.56% at the depth 
of 2330.42m and the lowest value of gas saturation is 70.25% at the depth of 
2415.82m (Figure 20, Table 9). 
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Figure 20. Illustrates fluid saturation (gas, oil, and water) of the Montney Formation 
from well 16-17-82-25W6, northeastern British Columbia (Data source: B.C. Oil and Gas 
Commission). 

5.6. Interpretation of Saturation  

The amount of fluid in pore volume of a rock occupied by formation fluid (oil, 
gas, and water) refers to fluid saturation [91]. Results from this study shows that 
gas saturation is the most dominant fluid in the interstitial pores of the Montney 
Formation (Figure 20) varying from 99.64% to 62.59% through the depth pro-
file. The oil saturation shows a near consistency graph level, particularly indi-
cating a very low (0.81% to 7.64%) oil saturation through the depth profile. The 
implication of high gas saturation confirms that the Montney Formation in 
northeastern British Columbia is mainly a gas reservoir. Water saturation varies 
significantly in an inversely proportional correlative pattern with gas saturation. 
The relationship of water saturation with gas saturation is interpreted in relation 
to the proportion of the ratio of gas to water in the pore volume. The relative low 
water saturation is crucial because water in pore space of low-per-meability oc-
cupies critical pore-throat volume and can greatly diminish hydrocarbon per-
meability, even in rocks at irreducible water saturation [92]. Because of small 
pore-throat size, low-permeability, gas-producing sandstones are typically cha-
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racterized by high water saturation and high capillary pressure [93] [94]. 

6. Discussions 
6.1. Source-Rock Quality  

For source-rock to have economic potential or exploration prospect, sufficient 
organic matter (OM) must have generated hydrocarbons. The measure of the 
quality of source-rock is the total organic carbon (TOC) content, and the guide-
lines for ranking source rock quality were proposed by [11]: 1) poor TOC rich-
ness range from 0.00 - 0.50 wt% in shale; while in carbonates TOC range from 
0.00 - 0.12 wt%; 2) fair TOC range from 0.50 - 1.00 wt% in shale; while in car-
bonates TOC range from 0.25 - 0.50 wt%; 3) good TOC range from 1.00 - 2.00 
wt% in shale; while in carbonates TOC range from 0.25 - 0.50; 4) very good TOC 
range from 2.00 - 4.00 wt% in shale; while in carbonates TOC range from 0.5 - 
1.00 wt%; and 5) excellent TOC starts at values >2.00 wt% in shale; while in car-
bonates TOC must be >1.00 wt%.  

Using the premise above as proposed by [11], the Montney Formation in the 
study area, has TOC content that is variably and statistically distributed in the 
order of highest percentile into low TOC (<1.5 wt%), medium (1.5 - 3.5 wt%), 
and high (>3.5 wt%). Based on these results, the Montney Formation in the 
study area has good total organic carbon (TOC) richness (Figure 21). In addi-
tion to the TOC content, The Montney Formation Kerogen has been interpreted 
and classified into: 1) Type III kerogen, which is primarily a gas prone kerogen 
[11] [12] [48]; 2) Type IV kerogen, which is inertinite (gas prone), composed of 
hydrogen poor constituent, difficult to distinguish from Type III kerogen by us-
ing only Rock-Eval pyrolysis; and 3) mixed Type II/III kerogen, which is oil 
prone [11] [46] [48] relatively rich in hydrogen and characterized by materials 
such as spores and pollen grains of land plants, marine phytoplankton cysts, 
some leaf and stem cuticles [48] [54]. 

6.2. Thermal Maturity 

The Montney Formation exhibits different thermal maturities (immature, ma-
ture, and post-mature). However, statistical distribution of the Tmax values in 
the Montney Formation within the study area shows that >95% of the reported 
Tmax values are within 430 and 528 Tmax, which is within gas window [51]. 
The vitrinite reflectance (Ro) results in this study shows that the Montney For-
mation in the study area is thermally matured, and it is composed mainly of gas 
with some oil (Figure 14). A comparison of the Tmax data, vitrinite reflectance 
data, and production index (PI), which show strong correlation in terms of using 
multiple maturity parameters as argued by [48] as a better method of assessing 
the accuracy of thermal maturity index. Tmax, Ro and PI (Figure 12, Figure 14 
and Figure 15) produced the same thermal maturity, thus, the data boost the 
credibility of the thermal maturity synthesized and reported for the Montney 
Formation herein. 
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Figure 21. A cross plot showing total organic carbon (TOC wt%) values and S2 values (the amount of hydrocarbon formed during 
thermal decomposition of kerogen). The higher S2 values indicate greater hydrocarbon generating potential. In general, the S2 
and TOC values show that the Montney Formation in the study area, northeastern British Columbia has good source rock quality. 
However, some of the data points also indicates poor to fair. 

7. Conclusions 

Source-rock geochemistry evaluation is a pivotal step in the assessment of hy-
drocarbon reservoir. The Montney Formation source-rock characteristics pre-
sented in this study shows that TOC is statistically distributed into low (<1.5 
wt%), medium (1.5 - 3.5 wt%), and high (>3.5 wt%). The analysis and interpre-
tation in this study shows that the Montney Formation in the study area is rich 
in TOC, and thermally matured. The type of hydrocarbon associated with the 
Montney Formation is mainly thermogenic gas, derived from kerogens of Type 
III/IV and mixed Type II/III kerogen. Thermal maturity Geographical distribu-
tion in the study area shows that the kerogen is pervasively matured in the study 
area. 

The prospect and potential of hydrocarbon exploration is driven and depen-
dent upon economics. Primary factors of significant importance used as a yard- 
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nstick for prospect evaluation are: resource estimates (volume), reservoir thick-
ness, porosity, permeability, source-rock characteristics, hydrocarbon type (oil 
prone, or gas prone, or mixture of both), and logistics. Fundamental properties 
affecting reservoir quality are rock texture and composition, gas in place (inters-
titial and adsorbed), organic content and degree of maturation, and pore pres-
sure. Other relevant parameters such as pore fluid saturation, clay type, and 
clay-bound water, are indirectly reflected by the above. Thus, most prolific 
gas-bearing units are identified based on measurements of total gas—canister 
desorption and a combination of adsorption isotherms and Tight Rock Analysis 
(TRA) to show gas-filled porosity, pore fluid saturations (water, gas, and mobile 
oil), and clay-bound water. 

Reservoir thickness is crucial in prospect evaluation. Isopach map for the 
Montney Formation in the study area around Fort St. John, northeastern British 
Columbia shows a maximum thickness of 320 meters along the NW-SE (Figure 
22). The lateral extent of this thickness varies from 320 meters in the west, and 
thin to about 200 meters in the eastern portion of British Columbia along the 
Alberta boundary border due to erosional removal. With this hectometers 

 

 
Figure 22. Isopach map of the Montney Formation showing gross thickness in the study area, northeastern British Columbia [24]. 
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thickness, unconventional resource development method that incorporates hy-
draulic fracturing and well stimulation will enhance gas production and success 
in the Montney Formation. 
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