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Abstract 21 

Central Tertiary Basin (CTB) coals from a variety of palaeogeographic conditions within the 22 

Longyear and Verkhnij seams, were sampled to assess the relationship between the petroleum present, 23 

the remaining generation potential and coal geochemistry in order to improve the spatial predictability 24 

of petroleum resources within the basin. Vitrinite reflectance (VR) values from the CTB coals have been 25 

shown to be suppressed (Marshall et al., 2015a). This study attempts to quantify and correct for this 26 

suppression effect by applying the Lo (1993) method (LoVR), which uses Hydrogen Index (HI) values 27 

to modify VR data, and the coal Rank(Sr) scale of Suggate (2000, 2002), a technique not affected by 28 

suppression. In addition, the oil generation and expulsion thresholds for the CTB coals were 29 

investigated.  30 
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A pseudo-van Krevelen diagram shows that the majority of the coals plot on the Type II kerogen 31 

line, while the remainder plot between the Types II and III kerogen lines, with HI between 151 - 410 mg 32 

HC/g TOC; however, maceral analysis shows that Type III kerogen predominates. This is attributed to 33 

the presence of abundant fluorescing (oil-prone) vitrinites. The LoVR, Tmax and Rank(Sr) parameters all 34 

show that maturity increases from basin margins towards basin centre (i.e. from Bassen to Lunckefjellet, 35 

to Breinosa and Colesdalen) and indicate that all the coals are within the oil generation window. The 36 

marginal samples at Bassen are within the early mature stage of the oil window (i.e. ~0.7% RO); 37 

meaning the threshold for oil generation in the basin could not be clearly defined. However, the 38 

observed maturation trend somewhat parallels the maturation pathway of the New Zealand Coal Band 39 

(NZ Coal Band) and the “envelope” of the Sykes and Snowdon (2002) NZ coal data-set; therefore, it is 40 

considered that the oil generation threshold for the CTB coals is likely at Rank(Sr) ~9 – 10, Tmax ~420 – 41 

430 °C in line with the observed rise in Bitumen Index (BI). Some of the Lunckefjellet coals and all the 42 

Breinosa and Colesdalen coals have either reached or progressed beyond the threshold for oil 43 

expulsion as indicated by the peak in HI at Rank(Sr) ~11 – 12, LoVR ~0.75 – 0.85% RO, Tmax ~430 – 44 

440 °C. The peak in BI at Rank(Sr) ~12.5 – 13.5 suggests that some of the Lunckefjellet and Breinosa 45 

coals, and all the Colesdalen coals have reached the “effective oil window”.  46 

Total sulphur (ST) contents range between 0.46 – 12.05 % indicating non-marine to strong 47 

marine influence upon precursor peats, with ST contents of the Longyear seam appearing to record 48 

instances of coastal retreat associated with base level rise. Marine deposition seems to significantly 49 

control the distribution of oil-prone coals within seams and across the CTB. The levels of marine 50 

influence (as indicated by ST content) show clear positive relationships between BI and HI within the 51 

Bassen samples because they have not started expelling oil. Conversely, the levels of marine influence 52 

show clear negative relationships with BI and HI within the Colesdalen samples because they have 53 

commenced oil expulsion, and probably reached the “effective oil window”. The more marine influenced 54 

coals appear to have commenced petroleum generation relatively earlier, which is a plausible 55 

explanation why the coals from the Lunckefjellet locality appear to be at different stages within the oil 56 

window.  57 

 58 

 59 

 60 
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  64 

1. Introduction 65 

The Central Tertiary Basin (CTB) Spitsbergen, Svalbard, contains large reserves of perhydrous 66 

(oil-prone) coals, with oil potential attributed to perhydrous vitrinites formed as a consequence of peat 67 

deposition under marine influence (Orheim et al., 2007; Marshall et al., 2015a, b). The greatest oil 68 

potential in these coals has been hypothesised to be favoured by environmental conditions within the 69 

precursor peat including: relatively high marine influence upon the peatlands which resulted in 70 

increased sulphur content (≥0.5 %), high bacterial degradation (>100 μg/g TOC hopanes), stable 71 

hydrology and fen (rheotrophic) depositional conditions (Marshall et al. 2015a). However, this 72 

interpretation is based on samples from only 3 localities in the eastern coalfield, and thus covers only a 73 

limited range of palaeogeographic settings, an important factor on the level of marine influence upon 74 

the mires in which the CTB peats/coals formed (Marshall et al., 2015a). One of the aims of this study is 75 

to re-evaluate the interpretations of Marshall et al. (2015a) using a wider range of samples from multiple 76 

seams across 7 localities including the eastern and western coalfields. By doing this, we will re-assess 77 

the main control(s) on the petroleum potential of the coals taking into account a wider range of 78 

parameters, and so provide a practical guide that could be used in identifying areas of greatest 79 

remaining oil potential in the basin.  80 

Source rock maturity can be determined using either vitrinite reflectance (VR), Tmax, biomarkers 81 

etc., although for coals, VR is the most widely used. Reason being that it is the only single parameter 82 

that can be measured in coal over a wide range of thermal maturities; i.e. from early maturity (lignite) 83 

to post-maturity (low volatile bituminous), and shows relative uniform physio-chemical changes which 84 

result in an almost linear increase with increasing thermal stress (Teichmüller and Teichmüller, 1979; 85 

Mukhopadhyay, 1994). However, there is a specific problem with perhydrous vitrinites in that they 86 

frequently show lower reflectance than the orthohydrous vitrinites, and are often referred to as having 87 

suppressed reflectance. The presence, recognition and properties of suppressed VR have been widely 88 

discussed (Hutton and Cook, 1980; Taylor and Liu, 1987; Teichmüller, 1989; Raymond and Murchison, 89 

1991; Taylor, 1991; Hao and Chen, 1992; Wilkins et al., 1992; Powell and Boreham, 1994; Petersen 90 

and Rosenberg, 1998; Petersen and Vosgerau, 1999; Carr, 2000; Petersen et al., 2009). Marshall et 91 

al. (2015b) investigated the unusual VR variations within the CTB coals and concluded that the VR 92 
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values are suppressed; these workers observed a general decrease in VR towards the top of the 93 

Longyear seam, and roughly estimated the true, non-suppressed VR by adopting the measured VR of 94 

the least supressed sample (from the lower parts of the seam) per location sampled. This paper will 95 

use two different approaches towards estimating the true maturities of the CTB coals; namely: 1) the 96 

Lo (1993) method, which incorporates the HI and measured VR data, and 2) the coal Rank(Sr) scale of 97 

Suggate (2000, 2002) which utilises cross plots of calorific value (CV) and volatile matter (VM).  98 

Despite VR being suppressed towards the seam roof, a coal seam can be considered to be 99 

isometamorphic. Meaning that the least suppressed values from the lower parts of the seam as reported 100 

by Marshall et al. (2015b) are correctly considered as indicators of thermal maturity; however, this study 101 

will examine this in detail. Also, the relationship between the data from various maturity parameters will 102 

be examined and discussed. If the LoVR values show consistency with other maturity parameters, then 103 

the Lo (1993) method may be applied to correct for VR suppression in the absence of the more accurate 104 

Suggate (2000, 2002) Rank(Sr) scale or FAMM (fluorescence alteration of multiple macerals) 105 

measurement from which the unsuppressed VR can be estimated (Wilkins et al., 1992; 1998; Petersen 106 

et al., 2009). In addition to the suppression of VR, Tmax can also be suppressed in perhydrous coals 107 

and source rocks. In a study of New Zealand Eocene coals, Newman et al. (1997) observed that Tmax 108 

was lower in perhydrous coals than in the other coals (orthohydrous) with the same burial and thermal 109 

histories. Similarly, the Tmax values of Canadian Cretaceous high HI coals have been noted to be 110 

anomalously low (Snowdon, 1995). Sykes and Snowdon (2002) also observed Tmax suppression in Late 111 

Cretaceous - Cenozoic coals from New Zealand. Therefore, this study will also assess Tmax suppression 112 

within the CTB coals. 113 

Furthermore, this study aims to examine and discuss the thresholds for oil generation and 114 

expulsion in the CTB with reference to the maturation pathway(s) defined by published coal data-sets 115 

from around the world.  116 

 117 

2. Geological setting 118 

 The Svalbard archipelago, located between latitude 74° and 81° north, and between longitude 119 

10° and 35° east, is the exposed part of the Barents Sea platform; it is situated on the NW corner of the 120 

Eurasian continental plate, with rocks ranging from the Archean to Quaternary in age (Harland et al., 121 

1997). The opening of the North Atlantic Ocean caused dextral movement between Svalbard and 122 

eastern Greenland, with oblique compression (transpression) leading to the development of the West 123 
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Spitsbergen Fold and Thrust Belt (Eldholm et al., 1987; Bergh et al., 1997; Leever et al., 2011). The 124 

transpressional event was probably short lived, being linked to a shift in the spreading direction of the 125 

Labrador Sea prior to the earliest Eocene seafloor spreading (Gaina et al., 2009), and there is a 126 

suggestion that compression peaked in Early Eocene (Tegner et al., 2011). The CTB and the linked 127 

West Spitsbergen Fold and Thrust Belt form a 100 - 200 km wide NNW-SSE striking zone in western 128 

and central Spitsbergen, with the wedge-top CTB located in a broad NNW-SSE trending syncline. This 129 

structure has a steeper limb to the west and a gently rising limb towards the east (Bergh et al., 1997; 130 

Braathen et al., 1999). The basin formed firstly as a broad platform linked to North-East Greenland 131 

(Piepjohn et al., 2013) and gradually evolved to a foreland basin, which developed in response to the 132 

West Spitsbergen Fold and Thrust Belt (Bruhn and Steel, 2003). The Paleocene - Eocene CTB fill 133 

overlies Lower Cretaceous strata and contains the majority of the economic coal bearing units, which 134 

belong to the earliest phase of the basin fill deposited in a paralic setting (e.g. Nagy, 2005) within a 135 

humid temperate climate (Marshall et al., 2015a). In the CTB, mining is concentrated within the Todalen 136 

Mb. of the Firkanten Fm. (Orheim et al., 2007), which is generally dated as early Paleocene 137 

(e.g. Livshits, 1974; Harland et al., 1997; Nagy, 2005). Five main coal seams are commonly cited within 138 

the Todalen Mb. which are: Svea, Todalen, Longyear, Svarteper and Askeladden seams (Fig. 1). 139 

However, in the western parts of the CTB, only three coal seams are present (Nidzny, Verkhnij and 140 

Sputnik seams e.g. Marshall, 2013) and there is no report on their oil potential. This study focuses on 141 

the Longyear and Verkhnij coals.  142 

 143 

3. Samples and methods 144 

 145 

3.1. Samples 146 

47 coal samples from the Longyear seam in Bassen, Lunckefjellet and Breinosa (eastern 147 

coalfield of the CTB), and the Verkhnij seam in Colesdalen (western coalfield of the CTB) have been 148 

used for this study (Fig. 2; Table 1). All 47 samples were previously studied by Marshall et al. (2015b). 149 

The samples include outcrops (Bassen) and drill cores (Lunckefjellet, Breinosa and Colesdalen) 150 

provided by Store Norske Spitsbergen Kulkompani AS (Store Norske AS). Sampling was done at ~0.04 151 

to 0.30 m intervals (excluding ash layers); given the mismatch between the samples sizes received and 152 

the samples sizes required for the different analytical techniques, the rifling, cone and quartering 153 
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method was adopted to generate the different sub-samples required for the different analytical methods 154 

used in this study. 155 

 156 

3.2 Methods 157 

 VR, Rock-Eval HI, OI and Tmax data are from Marshall et al. (2015b), while the Rock-Eval data 158 

(S1, S2, TOC, BI and PI) are published supplementary material to Marshall et al., 2015b. New data 159 

comprises: CV, VM, maceral analysis, ash yield, total sulphur (ST), Soxhlet yield, LoVR and Rank(Sr). 160 

All data from Mine 7 are from Marshall et al. (2015a). 161 

  VR measurement was undertaken using methods contained in ISO 7404-5:2009 and described 162 

in Marshall et al. (2015b). Maceral analysis was in accordance with ISO 7404-3:2009 using a LEICA 163 

DM4500P microscope fitted with oil immersion objectives.  A LED 450 nm, with automatic constant 164 

colour intensity control, was used for fluorescence. Maceral analysis (500 points counted) data 165 

collection was done using the Hilgers Fossil Man system connected to the microscope. The 166 

identification and classification of macerals is according to ICCP (1998), Taylor et al. (1998) and Pickel 167 

et al. (2017). 168 

 Rank(Sr) was estimated from the CV and VM data provided by Store Norske AS, with the values 169 

being converted to dry, mineral-matter and sulphur-free (dmmsf) basis according to the following 170 

equations of Suggate (2000, 2002): CV(Btu/lb)dmmf = 100(Btu/lb - 40ST)/(100 - fdmmsf); VMdmmsf = 100(VM 171 

- 0.1A - ST)/(100 - fdmmsf); the adjustment factor, fdmmsf = (1.1Ash) + ST. Only the samples with ash yield 172 

<20 % were selected for Rank(Sr) estimation according to the recommendations by Sykes and Snowdon 173 

(2002), and Suggate (2002) as the mineral-matter free basis adjustment is more precise in coals with 174 

low ash.  175 

 Rock-Eval 6 analysis used was described in Marshall et al. (2015b). The applied Rock-Eval 176 

parameters are: S1 = the quantity of already generated hydrocarbons, S2 = the amount of hydrocarbons 177 

produced from the cracking of heavy hydrocarbons and from the thermal breakdown of kerogen, Tmax 178 

= the temperature at which S2 reaches maximum, BI = Bitumen Index (S1*100)/TOC, HI = Hydrogen 179 

Index (S2*100)/TOC, OI = Oxygen Index [(CO+CO2)*100]/TOC, PI = Production Index [S1/(S1+S2)], 180 

TOC = Total Organic Carbon [pyrolysed carbon (PC) + residual carbon (RC)], and was measured using 181 

Rock-Eval pyrolysis.  182 

 To determine the quantity of free bitumen plus already generated oil present in the coals, 2 g 183 

of milled coal (<100 µm) was Soxhlet extracted using DCM/methanol mixture (93:7 vol/vol) for a period 184 
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of 3 to 8 days until a clear solvent mixture was achieved within the thimble chamber of the Soxhlet. 185 

Accuracy and data reliability was checked by repeating 6 samples. 186 

Total sulphur (ST) and iron (Fe) contents were determined using inductively coupled plasma - 187 

atomic emission spectrometry (ICP-AES). Milled samples were initially oven dried overnight at 60 °C, 188 

followed by total digestion of between 0.45 - 0.55 g samples successively in: (I) 30 ml nitric acid – 69 189 

% w/v, (II) mixture of 8 ml hydrochloric acid – 36 % w/v, and 2 ml hydrofluoric acid – 40 % w/v, and (III) 190 

15 ml boric acid – 4 % w/v. Acid digestion was done using a CEM MARS5 sealed vessel microwave 191 

digestion system (Laban and Atkins, 1999). Following acid digestion, elemental measurement was done 192 

using an ICP-AES Perkin-Elmer Optima 3300DV emission spectrometer. Accuracy and data reliability 193 

was checked by duplicating 1 sample, alongside SARM18 coal reference material in every batch of 12 194 

samples.  195 

Hydrogen content was determined using a Thermo-Electron Flash EA 1112 Elemental 196 

Analyser. The furnace was heated to 900 °C, and sample introduced alongside oxygen to aid 197 

combustion. Helium carried the combustion products at 140 mL/min through to a reducing stage before 198 

passing into a Gas Chromatography column for separation. Samples were analysed in duplicates 199 

alongside blanks. 200 

 Ash yield was determined by firstly drying milled samples at 60 °C, followed by the combustion 201 

of 1.0 ± 0.1 g in a Carbolite muffle furnace (heating to 825 ºC in 2 hours, and then hold for 3 hours). To 202 

check precision, samples were loaded into the furnace in duplicates alongside 2 coal reference 203 

materials (SARM18 and SARM19). Blanks were used to check for errors due to flying ashes (i.e. ashes 204 

crossing over between crucibles during combustion). Errors on duplicates were monitored throughout 205 

to ensure they are: (a) less than 0.1 % for ash content ≤15 wt %, and (b) less than 0.2 % for ash content 206 

≥15 wt %. 207 

 208 

4. Results 209 

 210 

4.1. Maturity and petrographic composition 211 

VR values range between 0.54 – 0.68, 0.58 – 0.75, 0.59 – 0.69 and 0.65 – 0.80% RO in Bassen, 212 

Lunckefjellet, Breinosa and Colesdalen respectively (Table 2). It has been noted that the VR of the CTB 213 

coals is suppressed due to the enrichment of vitrinites with bitumen and/or hydrogen. This is exemplified 214 

by the Lunckefjellet coals appearing to show similar/greater VR values than the Breinosa coals despite 215 
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Lunckefjellet being up-dip of Breinosa (Marshall et al., 2015b). An alternative method of Lo (1993), 216 

which uses HI to modify the VR values was applied (Fig. 3). It is acknowledged that the Lo (1993) 217 

method may not be very precise as it is based on VR and HI trends during pyrolysis, with some 218 

assumptions regarding the effect that HI has on VR. If the HI is ≤ 300, then there is no change made to 219 

vitrinite reflectance, as the model assumes that no suppression has occurred. Also, there are 220 

uncertainties arising from manually estimating the true VR from the Lo (1993) model graph. Although it 221 

is recommended to use the original HI (HIO) (i.e. the HI at an immature stage) when applying the Lo 222 

(1993) model, the likely Tmax suppression in these coals means the HIO estimations from existing 223 

mathematical relationships (e.g. Banerjee et al., 1998) are unrealistic. However, it was thought that 224 

using the HI is not a major issue after comparing results with published studies. The LoVR (suppression 225 

corrected) values for the samples range between 0.65 – 0.73, 0.68 – 0.85, 0.76 – 0.84 and 0.77 – 0.93% 226 

RO in Bassen, Lunckefjellet, Breinosa and Colesdalen respectively, with mean maturities of 0.69, 0.78, 227 

0.80 and 0.88% RO at these four locations respectively (Fig. 3, Table 2). In comparison, the mean 228 

measured VR values (i.e. data with suppression effect) for these four locations are 0.61, 0.64, 0.64 and 229 

0.76% RO respectively.  230 

Another method of avoiding the problem of VR suppression (e.g. wrongly predicting the maturity 231 

of petroleum generation) is by using the coal Rank(Sr) scale of Suggate (2000, 2002) which utilises 232 

cross plots of either CV and VM, or atomic H/C and O/C. The Rank(Sr) data for 28 Lunckefjellet, 233 

Breinosa and Colesdalen coals were estimated (Fig. 4; Table 2) using CV and VM data (Table 3). 234 

Values range between Rank(Sr) 7.0 – 13.7 in Lunckefjellet, 12.5 – 13.8 in Breinosa and 12.9 – 13.9 in 235 

Colesdalen, with values averaging 10.3, 13.2 and 13.4 respectively at these localities. Tmax values range 236 

between 425 – 437, 431 – 439, 439 – 447 and 440 – 445 °C (with average values of 430, 434, 443 and 237 

443 °C) in Bassen, Lunckefjellet, Breinosa and Colesdalen respectively (Table 3). Unlike the VR data, 238 

the LoVR, Rank(Sr) and Tmax data indicate that maturity appears to increase from Bassen through 239 

Lunckefjellet to Breinosa and Colesdalen.  240 

Maceral analysis indicates that the investigated coals have high vitrinite content, with 241 

collotelinite and collodetrinite dominating (Table 2). Coals from the Longyear seam in Bassen, 242 

Lunckefjellet and Breinosa have slightly higher vitrinite contents (87.8 – 96.8, 78.4 – 96.0 and 88.6 – 243 

96.9 vol % mmf respectively) than coals from the Verkhnij seam in Colesdalen (70.3 – 87.0 vol % mmf).  244 

However, coals from the Verkhnij seam in Colesdalen have higher inertinite contents (12.4 – 27.2 vol 245 

% mmf) than coals from the Longyear seam in Bassen, Lunckefjellet and Breinosa (1.4 – 10.6, 1.2 – 246 
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16.3 and 1.8 – 9.5 vol % mmf respectively). Liptinite contents are consistently <8.0 vol % mmf in all 247 

samples. Microscopic examination under UV light shows the coals contain abundant fluorescing 248 

vitrinites with varying degrees of fluorescence, and the liptinites show the strongest fluorescence as 249 

expected (Figs. 5a and 5b). The vitrinites in the Breinosa and Colesdalen coals, show stronger 250 

fluorescence than those in the Bassen and Lunckefjellet coals. Micrinite, thought to be a relic of oil 251 

generation (Taylor et al., 1998) is observed within the coals (fine-grained, white speckles interspersed 252 

on some of the vitrinite particles; Fig. 5a-2). Brightly fluorescing oil expulsions from cracks in 253 

collodetrinites and collotelinites were observed (Figs. 5a-3 and 5b-3). The interspersed nature of 254 

micrinite on vitrinite, and oil expulsion from cracks in vitrinite are consistent with the observations by 255 

Orheim et al. (2007). Pyrite framboids (diameter ~2 - 35 μm) also occur in these coals (Figs. 5b-1 and 256 

5b-2), which indicates oxygen-poor depositional conditions (Wilkin and Barnes, 1997; Wignall et al., 257 

2005), associated with relatively high marine influence on the mires in which the peats (coals) formed. 258 

 259 

4.2. Chemical data 260 

HI values for the Bassen, Lunckefjellet, Breinosa and Colesdalen samples are: 151 – 282, 227 261 

– 410, 292 – 351 and 242 – 271 mg HC/g TOC respectively (Table 2). Hydrogen (H) was measured 262 

only in the Bassen samples (H between 4.8 – 5.5 % daf; Table 3). The majority (12 out of the 14) of the 263 

Bassen coals are orthohydrous (H between 4.9 – 5.7 % daf) while the remaining two are subhydrous 264 

(H < 4.9 % daf) (Diessel, 1992; Wilkins and George, 2002) with lowest HI values (151 and 153 mg HC/g 265 

TOC). There is a strong correlation (R2 = 0.80) between H and HI for the Bassen samples, which is 266 

consistent with previous studies (e.g. Espitalié et al., 1977; Petersen, 2006). Assuming that the good 267 

correlation between HI and H holds for the Lunckefjellet, Breinosa and Colesdalen coals, then the HI 268 

values may be used as an approximate indicator of whether coals are subhydrous, orthohydrous or 269 

perhydrous. In the Longyear seam in Mine 7 (Breinosa), Marshall et al. (2015a) measured H contents 270 

ranging between 5.6 – 6.4 % daf, and reported that the majority of the seam may be termed perhydrous 271 

(H > 5.7 % daf), with only the basal 20 cm being orthohydrous (H between 4.9 – 5.7 % daf). In this 272 

study, the HI values at other localities are generally greater than at Bassen, and considering the HI 273 

measured in the Longyear coals by Marshall et al. (2015a) (296 – 384 mg HC/g TOC) are similar to 274 

values seen in many of the coals under study, we have therefore assumed that the samples under study 275 

are a mixture of orthohydrous and perhydrous coals.  276 
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Soxhlet extracts (Table 3) range between 66.2 – 109.6, 54.5 – 153.0, 50.3 – 79.2 and 42.3 – 277 

143.2 mg/g in Bassen, Lunckefjellet, Breinosa and Colesdalen respectively. 278 

 The variable but generally high TOC contents (44.5 – 89.8 %) as expected from coals, and the 279 

S2 contents (109 – 368 mg/g) (Table 3) indicate that some of the coals may be oil-prone. The S1 range 280 

between 3.9 – 19.9 mg/g, and the coals from Breinosa and Colesdalen generally have higher values 281 

(mean S1 = 14.5 and 15.2 mg/g respectively) than those from Bassen and Lunckefjellet (mean S1 = 282 

6.8 and 10.7 mg/g respectively) (Table 3). The variations in the S1 and S2 values are in part the result 283 

of the variable inorganic matter contents as reflected in the ash yield (between 0.9 and 33.3 wt %; Table 284 

3).   285 

Total sulphur (ST) contents range between 0.46 – 12.05 % in all samples investigated with a 286 

general trend of increase from Bassen through Lunckefjellet to Breinosa and Colesdalen.  287 

 288 

5. Discussion 289 

 290 

5.1. Kerogen typing and petroleum potential 291 

On a van Krevelen equivalent diagram using OI vs HI (Fig. 6), the Breinosa coals, the 292 

Colesdalen coals and most of the Lunckefjellet coals plot on the Type II kerogen line, while a few 293 

Lunckefjellet coals, and all the Bassen coals appear to plot between the Type II and III kerogen lines; 294 

this is inconsistent with maceral analysis which shows that the coals are dominated by Type III kerogen. 295 

The trend in Fig. 6 therefore reflects the petrographic and fluorescence observations described in 296 

previous sections and shown in Figs. 5a and 5b. The majority of the coals are within the maximum 297 

range of HI values expected for Cenozoic coals (250 – 370 mg HC/g TOC) (Petersen, 2006), with some 298 

coals showing higher values (>370 – 410 mg HC/g TOC). The coals with high HI values are likely 299 

enriched in paraffinic hydrocarbons (e.g. Killops et al., 1998; Petersen, 2005), possibly due to the 300 

presence of long-chain aliphatics in the structure of Cenozoic coals in general (e.g. Petersen and Nytoft, 301 

2006; Petersen et al., 2009) or as a result of bacterial decomposition of organic material and 302 

consequently liberating aliphatics from lignin within the precursor peat (Marshall et al., 2015a). The high 303 

HI values observed appear directly associated with the presence of hydrogen-enriched vitrinites present 304 

in the coals, rather than liptinites whose contents are low in these coals (<8 vol %). It is however noted 305 

that the presence of sub-microscopic liptinites in some fluorescing vitrinites (Fig. 5a-2., 5b-1 and 5b-4) 306 
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may be possibly contributing to high HI and overall VR suppression (Hutton and Cook, 1980; George 307 

et al., 1994; Hao and Chen, 1992; Petersen and Rosenberg, 1998; Petersen, 2006). 308 

Multiple minor S2 peaks with slightly differing Tmax values have been observed in the Rock-Eval 309 

6 pyrograms in this study (Fig. 7). Multiple S2 peaks in immature samples are considered to represent 310 

drilling contaminants (Peters, 1986), but given the maturity and use of brine as the drilling medium in 311 

this study, drilling mud contamination is not a likely cause. According to Peters (1986), the heavy ends 312 

of oil typically appear as S2 rather than S1, resulting in anomalously low Tmax values and in extreme 313 

cases, a bimodal S2 peak. Although the Tmax values are high in this study, the observed multiple S2 314 

peaks are possibly related to the release of heavy, liquid hydrocarbons (C25 - C40) volatilized at 315 

temperatures higher than normal for S1 (i.e. the S1' of Delvaux et al., 1990). 316 

 317 

5.2. Maturity assessment 318 

The maturity range of the coals under study (LoVR 0.65 – 0.93% RO, Rank(Sr) 7.0 – 13.9; 319 

excluding the Bassen coals, Tmax 425 – 445 °C) indicates that the coals are within the “oil window”. The 320 

Bassen coals are at the early mature stage (mean values: LoVR = 0.69%RO, Tmax = 430 °C), the 321 

Lunckefjellet coals are at least at the onset of the middle oil window [mean values: LoVR = 0.78%RO, 322 

Tmax = 434 °C, Rank(Sr) = 10.3], while the Breinosa and Colesdalen samples are well into the middle oil 323 

window [mean values: LoVR = 0.80%RO, Tmax = 443 °C, Rank(Sr) = 13.2, and LoVR = 0.88%RO, Tmax = 324 

443 °C, Rank(Sr) = 13.4 respectively].  325 

The VR vs Tmax, and LoVR vs Tmax plots show “no” and “borderline weak/moderate” correlations 326 

(R2 = 0.28 and 0.51 respectively; Figs. 8a and 8b). The lack of good correlation shown in the VR vs 327 

Tmax graph (Fig. 8a) contrasts with the significantly higher correlation shown in the LoVR vs Tmax graph 328 

(Fig. 8b). Although there are errors associated with the measurement of both the LoVR and Tmax 329 

parameters, the improvement shown in the LoVR vs Tmax graph may reflect the removal of the 330 

suppression effect from the VR values, but suppression might still be affecting some of the Tmax values 331 

(Newman et al., 1992; Snowdon, 1995; Sykes and Snowdon, 2002). The lack of good correlation of VR 332 

vs Tmax and LoVR vs Tmax (Figs. 8a and 8b) contrasts with the good (R2 not quantified) non-linear 333 

correlation between VR and Tmax for the reflectance range <0.5 to 3.0% RO described by Teichmüller 334 

and Durand (1983), and by Petersen (2006) who observed a good linear correlation (R2 = 0.87, n = 335 

487) between these parameters. The large data-set obtained from different countries around the world 336 

used in the Petersen (2006) study appears to contain both orthohydrous and perhydrous coals (HI ~0 - 337 
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470 mg HC/g TOC), with maturities ranging between <0.5 and >4.0% RO, and the good linear correlation 338 

obtained clearly contrasts with the non-linear relationship of Teichmüller and Durand (1983) for a similar 339 

range of maturities as those used by Petersen (2006). Teichmüller and Durand (1983) noted that their 340 

VR vs Tmax plot was composed of three successive zones, indicating a succession of different modes 341 

in coal pyrolysis. Between 0.5% RO (Tmax ~ 425°C) and 1.5% RO (Tmax ~ 475°C), correlation between 342 

VR and Tmax is approximately linear, whereas below and above these values, Tmax increases faster than 343 

VR. The maturities of coals in this study occur within the “linear domain” of Teichmüller and Durand 344 

(1983), yet in both studies there are some scattering of values in this linear zone.  345 

Plots of Rank(Sr) vs Tmax, and Rank(Sr) vs LoVR show “weak” correlations (R2 = 0.46 and 0.31 346 

respectively; Figs 8c and 8d). Sykes and Snowdon (2002) approximated the relationship between 347 

Rank(Sr), Tmax and VR mainly because Tmax and VR show non-linear increase with temperature prior to 348 

catagenesis. Suggate (2002) showed a clear general relationship between Rank(Sr) and VR, with the 349 

former being more accurate over the range from peat to the end of the oil window. Because the maturity 350 

of the coals in this study occur within the ”oil window” and the “linear domain” of Teichmüller and Durand 351 

(1983), the scattering of values and the poor correlations between LoVR, Tmax and Rank(Sr) is mainly 352 

attributed to: 1) measurement inaccuracies, 2) fundamental differences between VR, Tmax and Rank(Sr) 353 

even though these parameters are clearly maturity/rank dependent. Tmax is a measure of the maximum 354 

rate of release of hydrocarbons from the whole coal during pyrolysis, VR is obtained from only the 355 

vitrinite group macerals, while Rank(Sr) is based on VM and CV, which will be affected if the coals have 356 

been oxidised prior to sampling or in storage. Tmax suppression is also a factor, albeit to a lesser degree. 357 

The range of ash yields (between 0.9 – 33.3 wt %) mean that mineral matter might be possibly changing 358 

the Tmax value due to catalytic reactions between the mineral matter and the macerals (Espitalié, 1986). 359 

The mineralogy of the ash yield of the Svalbard coals under study was not analysed, but variable 360 

mineralogies produced by the changing depositional conditions particularly within the Longyear seam, 361 

as discussed by Marshall et al. (2015a), may be a limiting factor in both the LoVR – Tmax and Rank(Sr) 362 

– Tmax relationships. However, if there is mineral matter effect, there should be a relationship between 363 

Tmax and ash yield (or between Tmax and TOC), which is not the case. Therefore, mineral matter does 364 

not play a significant role. There is the effect that multiple S2 peaks have on the Tmax which could also 365 

be affecting the LoVR – Tmax and Rank(Sr) – Tmax correlations.  366 

 367 

5.3. The relationships between petroleum present, remaining generation potential and maturity 368 
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Petersen (2006) described oil generation from humic coals as a complex, three-phase process 369 

involving: (i) onset of petroleum generation, (ii) petroleum build-up in the coal, and (iii) initial oil 370 

expulsion, followed by efficient oil expulsion (corresponding to the effective oil window).  The HI of 371 

immature samples is an indication of the hydrocarbon phase that a source rock may generate as it is 372 

buried. The HImax concept which is defined by the HImax line at VR ~0.6 – 1.0% RO, Tmax ~430 – 455 °C 373 

(Petersen, 2006), or Rank(Sr) ~11 – 12, Tmax ~430 – 440 (Sykes and Snowdon, 2002), is the increase 374 

in HI at the start of petroleum generation up to a maximum (i.e. stages i and ii of petroleum generation) 375 

prior to the onset of oil expulsion. In a LoVR vs HI diagram (Fig. 9a), while the Bassen coals plot to the 376 

left of the HImax line (stage i of petroleum generation), some of the Lunckefjellet coals plot on the HImax 377 

line (stage ii of petroleum generation). However, the majority of the Lunckefjellet coals, and all the 378 

Breinosa and Colesdalen coals plot to the right of the HImax line (stage iii of petroleum generation) in 379 

Fig. 9a. On the Rank(Sr) vs HI and Tmax vs HI diagrams (Fig. 9b and 9c respectively), the coals show 380 

similarities with the LoVR vs HI diagram as all the Bassen coals and some Lunckefjellet coals are within 381 

the stage i generation, some of the Lunckefjellet coals are within stage ii generation, while the remaining 382 

coals (i.e. some Lunckefjellet and all the Breinosa and Colesdalen coals) are within stage iii generation. 383 

Notably, the HI of the CTB coals do not appear to peak at similar maturity as the world-wide coal data-384 

set of Petersen (2006), with the HImax shifting to higher maturity (0.75 - 0.85% RO) (Fig. 9a). Conversely, 385 

the HImax of the Svalbard coals is a close fit to that of the NZ Coal Band and the “envelope” of the Sykes 386 

and Snowdon (2002) NZ coal data-set, at Rank(Sr) 11 – 12 (Fig 9b) and Tmax 430 – 440 °C (Fig. 9c). 387 

On the maturity vs BI plot, the onset of oil generation is indicated by a marked increase in BI, 388 

while the peak in BI indicates a change from increasing to decreasing hydrocarbon saturation of the 389 

coal pore structure and probably marks the onset of primary gas generation and the “efficient expulsion 390 

of oil” (i.e. the effective oil window) (e.g. Sykes and Snowdon, 2002; Petersen, 2006). On the LoVR vs 391 

BI diagram (Fig. 10a), only two Colesdalen coals appear to have reached the efficient oil expulsion 392 

stage. The Tmax vs BI diagram (Fig. 10b) shows only one Breinosa coal appear to have reached efficient 393 

oil expulsion stage. Conversely, the Rank(Sr) vs BI diagram (Fig. 10c) shows 12 (out of 28) coals (i.e. 394 

from Lunckefjellet, Breinosa and Colesdalen) appear to have reached the efficient oil expulsion stage 395 

as indicated by the peak in BI at Rank(Sr) ~12.5 – 13.5. This is consistent with observed oil expulsion 396 

from some of the coals and in published studies (e.g. Orheim et al., 2007), and thus suggests that there 397 

may be a discrepancy in the LoVR - BI and Tmax - BI plots, most likely due to suppression effect. Indeed, 398 

the coal rank variation in this study is small compared to the NZ Coal Band, and the data-sets of Sykes 399 
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and Snowdon (2002) and Petersen (2006), making them more suitable to identify changes in the HI or 400 

BI vs maturity trend. However, HI seems to increase from Bassen to Lunckefjellet, and then decrease 401 

to Breinosa, with further decrease to Colesdalen, while BI increases from Bassen to Lunckefjellet to 402 

Breinosa and Colesdalen which is generally consistent with the maturity trend across these localities.  403 

  Production index (PI) is <0.10 in all samples (Table 3), which would be expected if the coals 404 

were immature (Peters, 1986) but the coals are all within the oil window with some showing evidence 405 

of oil generation (micrinite) and oil expulsion. Low PI is consistent with numerous studies showing that 406 

coals generally have low S1 and PI values (e.g. Littke et al., 1990; Petersen et al., 2002; Sykes et al., 407 

2014). The presence of mineral matter in pyrolysed coals can influence S1 and S2 values. It has been 408 

shown that when mineral matrix (e.g. calcite, illite) is mixed with different kerogens (Types I and III), the 409 

S2 yield can be reduced (e.g. Espitalié et al., 1980; Peters, 1986). The S2 reduction is due to the 410 

adsorption of heavy pyrolysate components onto clay minerals, which then act as catalysts in the 411 

thermal conversion of some compounds to non-volatile char and light materials (S1). Type III kerogen 412 

is most prone to this problem because it generates less pyrolysate per gram of OM than Type I or Type 413 

II (Peters, 1986). Such a process would mean that there should be an inverse relationship between S1 414 

and S2. However, there is no inverse relationship possibly because: 1) the coals have high TOC 415 

contents and have generated much more petroleum than can possibly be adsorbed onto clays and 416 

other minerals, and 2) some of the generated petroleum no longer contributed to the S1 as a result of 417 

expulsion. Thus, the mineral matter effect may not be significant, although it cannot be ignored 418 

especially with the observed variable ash yields. Low PI values could also be due to lack of expulsion. 419 

 420 

5.3. Marine influence and the distribution of oil-prone coals within seams across the CTB 421 

Sulphur (S) content in peat is closely related to its depositional environment. Generally, peats 422 

accumulating in a freshwater environment will have lower S contents than peats accumulating under 423 

marine influence mainly due to the availability of marine sulphates (e.g. Chou, 2012). In a study of 424 

marine influence on coaly source rocks of the Eocene Mangahewa Fm. in the Taranaki Basin, Sykes 425 

et al. (2014) stated that total sulphur (ST) values >0.5 % indicate some degree of marine influence. ST 426 

values of 0.5 – 1.5 % and >1.5 % were considered slightly and strongly marine influenced respectively. 427 

Hence, coal ST content should reflect the amount of marine input into the mires in which the peat/coals 428 

formed. The Bassen samples show ST contents between 0.54 – 1.51 % (Table 3), and therefore can be 429 

considered slightly marine influenced as per the classification of Sykes et al. (2014). Across 430 
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Lunckefjellet, ST contents range between 0.46 – 9.97 % indicating a transect of non-marine to strong 431 

marine influence. Most of the Breinosa and Colesdalen samples experienced strong marine influence 432 

with ST contents between 1.91 – 6.81, and 1.39 – 12.05 % respectively.  433 

Iron (Fe) seems to have a major control on the S chemistry of the Longyear peatlands (Marshall 434 

et al., 2015a). Considering atomic weight, the ratio of Fe to S in pyrite is 0.87; thus Fe/S values in 435 

excess of 0.87 are required to convert all available S to pyrite. Fe was only measured for 36 (out of the 436 

47) coals under study with the Fe/S ratio (Table 3) averaging 0.77, which is significantly lower than 437 

required (0.87) for total conversion to pyrite. In marine influenced locations like Colesdalen, the bulk 438 

Fe/S ratio is much lower (0.50). The overall Fe/S data indicates that the amount of available organic S 439 

in these coals is higher in more marine influenced coals than in more inland coals. This is consistent 440 

with the study of Marshall et al. (2015a) which shows that within the Longyear seam in Mine 7 441 

(Breinosa), there is a shift from Fe-rich (below 80 cm) to S-rich (above 80 cm) sections, which favours 442 

oil potential above 80 cm at this location. 443 

ST content has been found to control the oil potential of coals (e.g. Sykes et al., 2014; Marshal 444 

et al., 2015a and references within). Considering only the Lunckefjellet samples in the Rank(Sr) vs BI 445 

diagram (Fig. 10c) for example, the high sulphur coals are generally furthest into the oil window and 446 

plot in close proximity to each other. Some high sulphur coals appear to have reached the effective oil 447 

window, while the low sulphur coal and all the medium sulphur coals have not. The relationship between 448 

marine influence and oil generation and expulsion is further investigated by comparing scatter plots of 449 

ST vs BI and ST vs HI between the least mature (Bassen) and most mature (Colesdalen) samples under 450 

study (Fig. 11). At Bassen, the ST vs BI and ST vs HI plots show clear positive relationships; conversely, 451 

there are negative relationships at Colesdalen. The positive relationships observed at Bassen probably 452 

reflects lack of expulsion and low maturity, whilst the negative relationships observed at Colesdalen 453 

arises because the coals have commenced expulsion. The more marine influenced samples appear to 454 

start generation before the less marine influenced ones, which is consistent with the published effects 455 

of sulphur on maturation and petroleum generation in geological basins (Baskin and Peters, 1992; 456 

Lewan, 1998). Whilst this observation (i.e. relatively earlier expulsion from the more marine influenced 457 

coals) is perhaps due to more favourable conditions for perhydrous coal formation, an outlying high 458 

sulphur coal from Lunckefjellet is still at the onset of oil generation (Fig. 10c). This issue may be related 459 

to the use of total sulphur (and not organic sulphur) in this study as very high marine influence will 460 
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generally result in greater ash yield as shown later in this section and in literature (e.g. George et al., 461 

1994). 462 

The level of marine influence on the Longyear seam in Mine 7 (Breinosa) has been linked with 463 

rising sea levels which resulted in greater oil potential in the upper seam, i.e. from ~80 cm to seam top 464 

(Marshall et al., 2015a). Within the Longyear seam at Bassen, ST decreases from ~1.0 % at seam base, 465 

to a minimum of ~0.5 % at around 109 cm above seam base, and then increases to ~1.5 % at seam 466 

top (Fig. 12a); this trend reflects decreasing sea level from seam base, followed by increasing sea level 467 

to the top of seam, which is consistent with the Marshall et al. (2015a) study. At Lunckefjellet BH15-468 

2011 locality, relative increase in sea level from 90 cm towards the top of the Longyear seam was also 469 

observed (Fig. 12b), although there is an ST peak at 80 cm. At Breinosa BH4-2009 locality, the ST profile 470 

from base to top of the Longyear seam (Fig. 12c) also clearly reflects decreasing – increasing sea 471 

levels. Within the Verkhnij seam in Colesdalen BH3-2008 locality, a decreasing - increasing sea level 472 

trend is not so obvious (Fig. 12d) as in the three localities previously discussed, but the ST contents of 473 

the lower part of the seam (mean value from seam base to 57.5 cm = 1.6 % ST) is also lower than in 474 

the upper part (mean value from 122.5 cm to seam top = 2.9 % ST), i.e. excluding the outlier (ST peak 475 

at 80.5 cm = 15.9 %). The ST peak in BH3-2008 (Fig. 12d) possibly resulted from seawater inundation, 476 

likely assisted by local topography. The foregoing interestingly shows that sulphur in coal may record 477 

instances of coastal retreat associated with base level rise, which is consistent with the study of marine 478 

influenced Greta Seam in the Sydney Basin (George et al., 1994). The absence of the decrease – 479 

increase in sea levels trend in BH3-2008 is possibly due to greater marine influence associated with 480 

closer proximity to the palaeocoastline. This, in addition to the lower vitrinite and higher inertinite 481 

contents of the Verkhnij seam compared to the Longyear seam, could also indicate that these two 482 

seams are not time equivalent.  483 

In practice, the schematic N-S transect across Adventdalen, i.e. from Bassen to Mine 7 to BH4-484 

2009 (Fig. 13) shows that oil potential on an economic basis (mg/g coal) is dependent upon the 485 

balancing of sufficient marine influence to produce and preserve oil-prone materials (as described in 486 

Marshall et al., 2015a; Uguna, 2016) with the need for low mineral matter deposition to prevent the 487 

dilution of the weakly oil-prone organic carbon within the coals. Towards the coast, high water tables 488 

(which favour vitrinite over inertinite formation; e.g. Taylor et al., 1998) are consistent, with greatest 489 

sulphur contents and alkalinity; however, the threat of seawater inundation is also greatest in these 490 

areas. Inundation results in increasing mineral matter content and limits seam thickness, which 491 
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consequently limits oil potential. At the basin margins, marine influence is relatively limited, reducing 492 

the ability to produce and preserve oil-prone source materials within the coals. Therefore, an 493 

intermediate position within the paralic system appears to have the greatest potential for the production 494 

of oil-prone coals. 495 

 496 

6. Conclusions 497 

Hydrocarbons present and the remaining generation potential of Spitsbergen coals from 498 

Bassen, Lunckefjellet, Breinosa (Longyear seam) and Colesdalen (Verkhnij seam) have been studied 499 

by analyses including: maturity, oil potential versus marine influence upon the mires in which the coals 500 

formed, and the threshold for oil generation and expulsion. Results show that: 501 

 502 

 On a van Krevelen equivalent diagram, the majority of coals plot on the Type II kerogen line, while 503 

others plot between the Types II and III kerogen lines, with HI values between 151 - 410 mg HC/g 504 

TOC; yet the maceral analysis shows that Type III kerogen predominates. This HI range arises from 505 

the presence of fluorescing (oil-prone) vitrinites in the coals, and thus shows that the classical 506 

kerogen interpretation lines are not applicable to Cenozoic coals. The PI values are low (<0.10) in 507 

all samples, and thus appear to contradict oil generation and expulsion, possibly because: 1) some 508 

of the generated petroleum no longer contributed to the S1 as a result of expulsion, and 2) lack of 509 

expulsion if part of the generated hydrocarbons is trapped in the coal matrix and not released during 510 

thermal vaporisation, but are released during the S2 phase when the kerogen breaks down. 511 

 512 

 The VR of the coals are suppressed. Suppression was removed by using the modification based on 513 

the HI values of the coals (Lo, 1993); this shows that all samples are within the oil generation window, 514 

with mean LoVR values of 0.68, 0.78, 0.80 and 0.88% RO in Bassen, Lunckefjellet, Breinosa and 515 

Colesdalen respectively. The Rank(Sr) scale of Suggate (200, 2002) shows mean values of 10.3, 516 

13.2 and 13.4 in Lunckefjellet, Breinosa and Colesdalen respectively. Both the LoVR and Rank(Sr) 517 

values are consistent with the Tmax values which average 430, 434, 443 and 443 °C at these locations 518 

respectively. The correlations between VR, LoVR, Tmax and Rank(Sr) are poor due to: 1) suppression 519 

effect on VR, with lesser suppression effect on Tmax and LoVR and 2) analytical issues. 520 

 521 
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 The least mature samples in the CTB data-set are close to the early mature stage of the oil window 522 

(i.e. ~0.7% RO), and thus the threshold for oil generation could not be clearly defined. However, as 523 

the maturation trend of the CTB coals closely follows that of the NZ Coal Band and the NZ coal data-524 

set of Sykes and Snowdon (2002), the oil generation threshold for these coals is likely at Rank(Sr) 525 

~8 – 9, Tmax ~420 – 430 °C as indicated by the rise in BI. Some of the Lunckefjellet coals and all the 526 

Breinosa and Colesdalen coals have either reached or progressed beyond the threshold of oil 527 

expulsion as indicated by the peak in HI at Rank(Sr) ~11 – 12, LoVR ~0.75 – 0.85% RO, Tmax ~430 528 

– 440 °C, while the remainder Lunckefjellet coals and all the Bassen coals are at relatively earlier 529 

stages of the oil window. Some of the Lunckefjellet and Breinosa coals, and all the Colesdalen coals 530 

appear to have reached the effective oil window as indicated by the peak in BI at Rank(Sr) ~12.5 – 531 

13.5. The observed closeness between the maturation pathways of the CTB coals and the NZ coals 532 

emphasises the similarities between the two oil generating systems. 533 

 534 

 Oil potential resulted from marine sulphate deposition upon the mires in which the peats/coals 535 

formed, and subsequent marine sulphur incorporation during diagenesis. The sulphur contents 536 

range between 0.46 – 12.05 % in the coals, and thus indicate non-marine to strong marine influence. 537 

The level of marine influence show clear positive relationships between BI and HI within the Bassen 538 

samples likely because they are early mature and have not started expelling oil. Conversely, the 539 

level of marine influence shows clear negative relationships with BI and HI within the Colesdalen 540 

samples because they have commenced expulsion and probably reached the ”effective oil window”. 541 

The more marine influenced coals appear to start petroleum generation relatively earlier compared 542 

to the less marine influenced ones. Highest hydrocarbon yields are expected in an intermediate 543 

position on the coastal plain where marine sulphur is sufficient to preserve oil-prone components, 544 

but mineral matter contents are low enough not to dilute TOC. Results indicate that S in coal may 545 

record instances of coastal retreat associated with base level rise, which has implications for the 546 

stratigraphic interpretations of coals. 547 

 548 
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Table captions 803 
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Table 1. Coal samples, seams and locations (all samples are part of Marshall et al. 2015b) 805 

 806 

Table 2. Maceral composition, VR, LoVR and Rank(Sr) data. Tel = Telinite, Clt = Collotelinite, Cld = 807 

Collodetrinite, Vtd = Vitrodetrinite, Cpg = Corpogelinite, F = Fusinite, Sf = Semifusinite, Fg – Funginite, 808 

Mac = Macrinite, Mic = Micrinite, In = Inertodetrinite, Sp = Sporinite, Cut = Cutinite, Res = Resinite, Bit 809 

= Bituminite, Sb = Suberinite, Lpd = Liptodetrinite. STDEV range for VR and LoVR = 0.03 – 0.09 and 810 

0.03 – 0.05% RO respectively based on 100 RO measurements per sample. 811 

 812 

Table 3. Chemical data: Rock-Eval pyrolysis, hydrogen (H), Soxhlet yield, total sulphur (ST), iron (Fe), 813 

Fe/S ratio, coal ash, volatile matter (VM) and calorific value (CV).  HI in mg HC/g TOC. OI in mg 814 

(CO+CO2)/g TOC. BI (Bitumen Index) = (S1*100)/TOC in mg HC/g TOC. H in wt % daf. 815 

 816 

Figure captions  817 

(Printed version of figures in black-and-white) 818 

 819 

Fig. 1. The van Mijenfjorden Group representing the sedimentary infill of the CTB, Spitsbergen (Adapted 820 

from Marshal et al., 2015b). Note: multiple coal seams (S = Svea, T = Todalen, L = Longyear, Vs. = 821 

Svarteper, A = Askeladden) occurring within the basal Todalen Mb.  822 

Fig. 2. Map of the northern Central Tertiary Basin in Spitsbergen showing sampling localities and 823 

sample types (modified from http://toposvalbard.npolar.no/). 824 

 825 

Fig. 3. Model for correcting VR suppression (modified from Fig. 1 of Lo, 1993). Note: the estimated true 826 

VR (RT) in Bassen, Lunckefjellet, Breinosa and Colesdalen are 0.68, 0.78, 0.80 and 0.88% RO 827 
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respectively. STDEV of Lo (1993) corrected VR are 0.02, 0.04, 0.05 and 0.05% RO respectively in all 828 

four areas. 829 

 830 

Fig. 4. Determination of the Rank(Sr) of the CTB coals using CV and VM (after Suggate, 2002). 831 

 832 

Fig. 5a. Photomicrographs showing the oil-prone nature of investigated coals. 1) Fluorescing vitrinites 833 

and liptinites in sample Ba1 from Bassen. 2) Fluorescing vitrinite groundmass with abundant micrinite 834 

(fine granular white macerals interspersed on vitrinite), abundant liptodetrinite (Lpd) and bituminite – Bit 835 

in sample L12 from Lunckefjellet. 3) Oil expulsion from crack on a collotelinite in sample L13 from 836 

Lunckefjellet. 4) Fluorescing vitrinites in sample Br2 from Breinosa. C = collotelinite, Co = corpogelinite, 837 

Cd = collodetrinite, R = resinite, Sp = Sporinite, Cu = cutinite, F = fusinite, Sf = semifusinite, In = 838 

inertodetrinite, Fg = funginite. Black/white photo = normal light. Coloured photo = UV light. 839 

 840 

Fig. 5b. Photomicrographs showing the oil-prone nature of investigated coals. 1) Cutinite (Cu), resinite 841 

(R), sporinite (Sp) and liptodetrinite (Lpd) in a perhydrous collodetrinite (Cd) groundmass in sample Br4 842 

from Breinosa. 2) Suberinite (Sb) cell walls are typically in-filled with fluorescing corpogelinites (Co) in 843 

sample Br4 from Breinosa. 3) Oil expulsion from crack on perhydrous collodetrinite in sample Br4 from 844 

Breinosa. 4) Detrovitrinite showing stronger fluorescence than collotelinite in sample C2 from 845 

Colesdalen. Note: pyrite (P) framboids (diameter ~2 - 35 µm) in (1) and (2) are indicative of oxygen-846 

poor deposition associated with relatively high marine influence. R = resinite, Sf = semifusinite. 847 

Black/white photo = normal light. Coloured photo = UV light. 848 

 849 

Fig. 6. van Krevelen equivalent diagram of the CTB coals. The coals plot on the Type II kerogen line 850 

and between the Types II and III kerogen lines despite being predominately composed of vitrinites. 851 

 852 

Fig. 7. Rock-Eval 6 pyrogram (drawn to scale) showing multiple minor S2 peaks in sample Br4 from 853 

Breinosa BH4-2009 locality. The multiple S2 peaks are possibly associated with the release of heavy, 854 

liquid hydrocarbons volatilized at temperatures higher than normal for S1.  855 

 856 

Fig. 8a. VR vs Tmax plot for the CTB coals.  857 

 858 



J.O. Uguna et al | 29 

 

Fig. 8b. LoVR vs Tmax plot for the CTB coals. 859 

 860 

Fig. 8c. Rank(Sr) vs Tmax plot for the CTB coals. 861 

  862 

Fig. 8d. Rank(Sr) vs LoVR plot for the CTB coals. 863 

 864 

Fig. 9a. LoVR vs HI plot for the CTB coals (after Petersen, 2006). Samples plotting to the left of and on 865 

the HImax line are in stages i and ii petroleum generation respectively, while those plotting to the right of 866 

the HImax line are in stage iii petroleum generation. Note: the HImax line of the CTB coals shifts towards 867 

higher maturity compared to the world-wide coal data-set (shaded area) of Petersen (2006). 868 

 869 

Fig. 9b. Rank(Sr) vs HI plot for the CTB coals (after Sykes and Snowdon, 2002).  Note: the trend of the 870 

CTB coals parallels that of the NZ Coal Band (shaded area). 871 

 872 

Fig. 9c. Tmax vs HI plot for the CTB coals (after Sykes and Snowdon, 2002).  Note: the trend of the CTB 873 

coals closely follows that of the NZ Coal Band (shaded area). 874 

 875 

Fig. 10a. LoVR vs BI plot for the CTB coals under study (after Petersen, 2006). Note: the shaded area 876 

is the world-wide coal data-set of Petersen (2006). 877 

 878 

Fig. 10b. Tmax vs BI plot for the CTB coals (after Sykes and Snowdon, 2002).  Note: the trend of the 879 

CTB coals parallels that of the NZ Coal Band (shaded area). 880 

 881 

Fig. 10c. Rank(Sr) vs BI plot for the CTB coals (after Sykes and Snowdon, 2002).  Note: the trend of 882 

the CTB coals closely follows that of the NZ Coal Band (shaded area). 883 

Fig. 11. Comparing the ST vs BI and ST vs HI plots of the Bassen and Colesdalen coals to show the 884 

influence of sulphur in petroleum generation. Note: the positive correlation observed for Bassen is 885 

probably because oil expulsion has not started, while the negative relationship at Colesdalen is because 886 

the coals are already expelling oil.   887 

 888 
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Fig. 12. Sulphur profiles within seams and across sampled localities in the CTB. Note: the sizes of the 889 

plots are proportional and reflect the relative seam thicknesses and ST contents.  890 

 891 

Fig. 13. A schematic N-S transect across an idealised Adventdalen section (i.e. from Bassen to Mine 7 892 

to BH4-2009) showing the relationship between oil potential and marine influence. Note: Mine 7 data 893 

are from Marshall et al. 2015a; Uguna, 2016. 894 
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Table 1 895 

Sample   
ID  Area Location and 

sample type  Seam Drill depth  
(m)  

Median sample 
position above 
seam base (m)  

Core/sample 
length (m)  

Ba1 Bassen Outcrop section Longyear - 1.99 0.07 
Ba2 Bassen Outcrop section Longyear - 1.87 0.05 
Ba3 Bassen Outcrop section Longyear - 1.70 0.06 
Ba4 Bassen Outcrop section Longyear - 1.51 0.05 
Ba5 Bassen Outcrop section Longyear - 1.38 0.07 
Ba6 Bassen Outcrop section Longyear - 1.19 0.06 
Ba7 Bassen Outcrop section Longyear - 1.09 0.04 
Ba8 Bassen Outcrop section Longyear - 0.94 0.06 
Ba9 Bassen Outcrop section Longyear - 0.82 0.06 
Ba10 Bassen Outcrop section Longyear - 0.54 0.06 
Ba11 Bassen Outcrop section Longyear - 0.37 0.07 
Ba12 Bassen Outcrop section Longyear - 0.23 0.06 
Ba13 Bassen Outcrop section Longyear - 0.17 0.07 
Ba14 Bassen Outcrop section Longyear - 0.03 0.06 
L1 Lunckefjellet  BH15-2011 Longyear -258.30 2.10 0.10 
L2 Lunckefjellet  BH15-2011 Longyear -258.50 1.90 0.10 
L3 Lunckefjellet  BH15-2011 Longyear -258.80 1.60 0.10 
L4 Lunckefjellet  BH15-2011 Longyear -259.00 1.40 0.10 
L5 Lunckefjellet  BH15-2011 Longyear -259.20 1.20 0.10 
L6 Lunckefjellet  BH15-2011 Longyear -259.40 1.00 0.10 
L7 Lunckefjellet  BH15-2011 Longyear -259.60 0.80 0.10 
L8 Lunckefjellet  BH15-2011 Longyear -259.80 0.60 0.10 
L9 Lunckefjellet  BH15-2011 Longyear -260.10 0.30 0.10 
L10 Lunckefjellet  BH15-2011 Longyear -260.30 0.10 0.10 
L11 Lunckefjellet BH10-2009 Longyear -69.71 0.79 0.30 
L12 Lunckefjellet BH10-2009 Longyear -69.97 0.53 0.22 
L13 Lunckefjellet BH10-2009 Longyear -70.19 0.32 0.21 
L14 Lunckefjellet BH10-2009 Longyear -70.40 0.11 0.21 
L15 Lunckefjellet BH10-2007 Longyear -247.06 1.49 0.25 
L16 Lunckefjellet BH10-2007 Longyear -247.31 1.24 0.25 
L17 Lunckefjellet BH10-2007 Longyear -247.56 0.99 0.25 
L18 Lunckefjellet BH10-2007 Longyear -248.06 0.49 0.25 
L19 Lunckefjellet BH10-2007 Longyear -248.45 0.10 0.19 
L20 Lunckefjellet BH6A-2007 Longyear -223.03 1.88 0.25 
L21 Lunckefjellet BH6A-2007 Longyear -223.78 1.13 0.25 
Br1 Breinosa BH4-2009 Longyear -314.73 1.16 0.20 
Br2 Breinosa BH4-2009 Longyear -314.94 0.96 0.21 
Br3 Breinosa BH4-2009 Longyear -315.15 0.75 0.21 
Br4 Breinosa BH4-2009 Longyear -315.65 0.24 0.16 
Br5 Breinosa BH4-2009 Longyear -315.81 0.08 0.16 
C1 Colesdalen BH3-2008 Verkhnij -274.13 1.73 0.25 
C2 Colesdalen BH3-2008 Verkhnij -274.38 1.48 0.25 
C3 Colesdalen BH3-2008 Verkhnij -274.63 1.23 0.25 
C4 Colesdalen BH3-2008 Verkhnij -275.05 0.81 0.23 
C5 Colesdalen BH3-2008 Verkhnij -275.28 0.58 0.23 
C6 Colesdalen BH3-2008 Verkhnij -275.51 0.35 0.23 
C7 Colesdalen BH3-2008 Verkhnij -275.74 0.12 0.23 
 896 
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Table 2 897 

Sample 
ID 

 
  

Maceral composition (vol % mmf)  Maturity parameters 

 Tel Clt Cld Vtd Cpg F Sf Fg Mac Mic In Sp Cut Res Bit Sb Lpd  VR LoVR Rank(Sr) 

Ba1  0.0 58.8 24.0 4.8 2.4 0.0 2.0 1.6 0.0 0.0 1.6 0.8 1.6 2.0 0.0 0.0 0.4  0.54 0.66 - 

Ba2  0.4 67.1 17.5 4.5 4.1 0.4 0.0 2.4 0.0 0.0 2.0 0.4 0.0 0.8 0.0 0.0 0.4  0.59 0.68 - 

Ba3  0.2 56.6 25.3 6.9 6.3 0.2 0.6 1.2 0.0 0.0 0.4 0.2 0.6 1.2 0.0 0.0 0.4  0.59 0.70 - 

Ba4  0.0 68.5 17.8 3.4 7.1 0.4 0.0 0.6 0.0 0.0 0.4 0.8 0.6 0.0 0.0 0.0 0.4  0.59 0.67 - 

Ba5  3.6 74.5 15.0 1.2 1.2 0.0 0.8 0.8 0.0 0.0 1.2 0.4 0.8 0.0 0.0 0.0 0.4  0.59 0.65 - 

Ba6  1.2 78.9 10.9 2.2 1.6 0.0 0.8 0.8 0.0 0.2 1.6 0.0 0.4 0.0 0.0 0.0 1.2  0.62 0.70 - 

Ba7  0.0 56.7 27.9 3.2 6.1 0.4 0.0 1.2 0.0 0.0 1.2 0.4 1.2 1.6 0.0 0.0 0.0  0.56 0.65 - 

Ba8  0.0 63.1 22.9 3.2 5.6 0.4 1.2 0.8 0.0 0.0 0.4 0.8 0.0 0.8 0.0 0.0 0.8  0.62 0.71 - 

Ba9  5.0 69.2 12.7 3.6 0.0 0.5 2.7 1.8 0.0 0.0 1.4 1.4 1.4 0.0 0.0 0.0 0.5  0.68 0.73 - 

Ba10  0.8 55.3 26.0 5.3 0.4 0.0 3.7 3.3 0.0 0.0 3.7 0.8 0.0 0.4 0.0 0.0 0.4  0.65 0.70 - 

Ba11  3.3 73.7 10.3 1.6 0.8 2.1 3.3 0.8 0.0 0.0 1.6 0.0 0.0 0.8 0.0 0.0 1.6  0.65 0.69 - 

Ba12  0.4 59.7 23.0 5.2 2.0 1.2 0.0 4.0 0.0 0.0 0.4 1.6 0.8 0.8 0.0 0.0 0.8  0.57 0.66 - 

Ba13  2.1 70.4 12.4 2.5 2.5 0.8 0.8 1.7 0.0 0.4 0.4 0.8 0.4 2.5 0.0 0.0 2.1  0.61 0.69 - 

Ba14  0.0 74.0 19.6 0.6 0.8 0.0 0.8 0.8 0.0 0.2 0.4 0.8 0.4 1.2 0.0 0.0 0.4  0.63 0.70 - 

L1  0.8 57.3 29.2 0.2 5.4 0.0 0.0 1.6 0.0 0.2 0.8 0.6 1.0 2.0 0.0 0.0 0.8  0.59 0.72 9.1 

L2  2.1 48.5 28.9 4.2 7.5 2.5 1.3 0.8 0.0 0.0 1.3 0.0 1.3 0.4 0.0 0.0 1.3  0.64 0.77 12.4 

L3  0.2 38.8 33.6 3.4 2.4 0.6 10.9 1.5 0.0 0.4 2.8 0.9 0.6 1.7 0.0 0.0 2.1  0.60 0.76 11.6 

L4  2.0 44.9 33.6 6.5 8.9 0.4 0.0 0.8 0.0 0.4 0.8 0.4 0.4 0.4 0.0 0.0 0.4  0.62 0.79 9.8 

L5  0.4 42.5 34.8 2.8 7.7 1.6 1.2 2.8 0.4 0.4 2.4 0.0 0.0 1.6 0.0 0.0 1.2  0.61 0.81 11.2 

L6  2.4 70.9 12.1 0.2 0.8 0.2 2.0 4.0 0.0 0.0 2.4 0.8 1.2 1.6 0.0 0.0 1.2  0.58 0.77 10.4 

L7  0.0 60.2 18.8 10.8 2.8 0.0 2.3 0.6 0.0 0.0 2.3 0.0 0.6 0.6 0.0 0.0 1.1  0.70 0.85 13.3 

L8  0.8 47.5 26.6 5.7 6.6 1.2 4.1 0.4 0.0 0.0 1.2 0.0 0.8 2.5 0.0 0.0 2.5  0.68 0.84 7.0 

L9  0.0 59.6 29.4 0.8 2.9 0.0 0.4 0.0 0.0 0.4 1.2 0.4 1.6 2.0 0.0 0.0 1.2  0.60 0.80 3.8 

L10  0.4 62.4 25.2 2.1 0.8 0.0 0.0 0.8 0.0 0.4 0.0 0.0 2.5 2.5 0.0 0.0 2.9  0.63 0.81 3.7 

L11  0.0 49.7 31.0 8.3 0.0 1.1 4.8 1.1 0.0 0.3 1.6 0.5 1.1 0.5 0.0 0.0 0.0  0.61 0.78 13.1 

L12  3.7 70.4 18.0 2.4 1.2 0.0 0.8 0.0 0.0 0.0 1.2 0.4 0.8 0.8 0.2 0.0 0.0  0.73 0.80 9.7 

L13  3.7 67.1 14.6 3.9 0.4 0.0 7.3 0.4 0.0 0.2 1.2 0.0 0.4 0.0 0.0 0.0 0.8  0.75 0.81 10.0 

L14  0.0 62.3 23.0 4.1 1.2 1.6 4.9 0.0 0.0 0.4 0.8 0.0 0.8 0.8 0.0 0.0 0.0  0.68 0.80 11.1 

L15  0.0 57.9 21.5 6.1 6.5 0.4 1.6 1.6 0.0 0.0 0.8 1.2 0.4 1.2 0.0 0.0 0.8  0.58 0.77 10.8 

L16  0.4 51.8 27.3 3.3 10.2 0.8 0.4 0.8 0.0 0.0 2.0 0.0 0.0 2.0 0.0 0.0 0.8  0.59 0.75 10.0 

L17  1.2 50.4 31.8 2.9 9.5 0.0 0.0 0.4 0.0 0.8 0.0 0.0 0.4 0.4 0.0 0.0 2.1  0.64 0.77 9.5 

L18  1.8 52.6 27.6 6.1 6.1 0.0 0.9 0.9 0.0 0.4 0.0 0.4 0.0 0.4 0.0 0.0 2.6  0.71 0.81 9.7 

L19  1.6 40.8 46.1 4.2 0.5 0.5 2.1 0.5 0.0 0.5 0.5 0.0 0.5 1.0 0.0 0.0 1.0  0.64 0.79 13.7 

L20  0.4 29.3 38.2 14.2 9.8 0.4 1.6 1.6 0.0 0.8 0.4 0.0 0.8 1.2 0.0 0.0 1.2  0.58 0.68 8.1 

L21  2.4 43.5 26.6 8.1 9.3 1.2 2.0 2.0 0.0 0.4 0.8 0.4 0.8 1.2 0.0 0.0 1.2  0.67 0.78 9.0 

Br1  0.0 32.4 54.8 2.9 2.4 0.5 0.5 0.0 0.0 1.9 1.4 0.5 0.0 1.9 0.0 0.0 1.0  0.60 0.76 13.8 

Br2  0.0 67.4 22.3 3.3 0.8 0.0 1.7 1.2 0.0 0.4 1.7 0.0 0.4 0.8 0.0 0.0 0.0  0.66 0.84 12.6 

Br3  1.8 75.4 13.6 4.8 1.5 0.0 1.3 0.4 0.0 0.0 0.0 0.4 0.0 0.4 0.0 0.0 0.2  0.69 0.81 12.5 

Br4  0.0 59.5 26.5 1.9 0.0 0.2 7.1 0.0 0.0 0.0 0.0 0.0 2.1 1.9 0.0 0.2 0.5  0.66 0.83 13.7 

Br5  1.3 57.3 33.8 4.5 0.0 0.0 0.0 0.0 0.0 0.0 1.9 0.6 0.0 0.6 0.0 0.0 0.0  0.59 0.78 14.1 

C1  1.0 57.9 14.6 2.9 0.8 1.2 16.5 0.0 0.0 0.0 1.9 0.8 0.8 1.0 0.0 0.0 0.4  0.77 0.88 13.4 

C2  1.2 60.0 13.4 6.9 1.0 5.7 7.5 0.0 0.0 0.0 1.6 0.6 0.4 1.0 0.0 0.0 0.6  0.79 0.90 13.6 

C3  0.9 65.2 11.4 3.0 0.0 1.7 13.8 0.0 0.2 0.0 1.9 0.9 0.2 0.6 0.0 0.0 0.2  0.79 0.90 13.9 

C4  0.0 64.6 12.8 3.7 0.0 1.8 11.0 0.0 0.0 0.0 4.9 0.6 0.0 0.6 0.0 0.0 0.0  0.65 0.77 14.7 

C5  0.0 58.5 11.0 0.8 0.0 1.2 22.8 0.0 0.0 0.0 3.3 1.6 0.4 0.0 0.0 0.0 0.4  0.78 0.89 12.9 

C6  0.0 78.1 7.6 1.2 0.0 0.6 9.9 0.4 0.0 0.0 1.4 0.0 0.2 0.2 0.0 0.0 0.2  0.80 0.93 13.4 

C7   0.4 59.1 18.1 0.8 0.0 1.6 15.0 0.2 0.2 0.0 3.5 0.2 0.4 0.2 0.0 0.0 0.2   0.76 0.89 13.3 
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Table 3 899 

Sample 
ID 

S1 
(mg/g) 

S2 
(mg/g) 

Tmax 

(°C) 

TOC 
(%) 

HI OI  PI BI H 
Soxhlet 
yield 
(mg/g) 

ST  
(%) 

Fe  
(%) 

Fe/S 
Ash  
(%) 

VM 
(%) 

CV 
(Btu/lb) 

Ba1 11.0 212.6 429 75.4 282 26 0.05 14.6 5.5 109.6 1.46 0.28 0.19 1.4 - - 

Ba2 7.9 171.3 429 74.2 231 28 0.04 10.7 5.2 91.7 1.51 0.73 0.48 1.3 - - 

Ba3 8.6 186.7 430 74.8 250 29 0.04 11.4 5.2 84.7 1.14 0.48 0.43 1.4 - - 

Ba4 6.0 168.5 431 73.9 228 31 0.03 8.1 5.4 101.9 0.80 0.44 0.55 1.3 - - 

Ba5 5.0 140.6 433 72.4 194 38 0.03 6.9 5.1 90.9 0.69 0.65 0.94 2.8 - - 

Ba6 5.1 141.9 426 65.5 217 39 0.03 7.7 5.2 97.1 0.57 0.67 1.17 1.0 - - 

Ba7 7.7 178.0 428 74.0 240 37 0.04 10.4 5.4 94.4 0.54 0.29 0.55 2.1 - - 

Ba8 5.7 146.4 437 71.0 206 38 0.04 8.0 5.0 82.8 0.54 0.58 1.07 1.1 - - 

Ba9 3.9 109.1 425 71.3 153 33 0.03 5.4 4.8 66.2 0.59 2.95 5.00 5.3 - - 

Ba10 5.8 129.6 425 74.7 174 42 0.04 7.8 4.9 76.5 0.62 0.42 0.68 1.3 - - 

Ba11 5.6 110.8 430 73.6 151 35 0.05 7.6 4.8 78.6 0.66 0.87 1.32 2.2 - - 

Ba12 7.0 165.1 429 74.6 221 32 0.04 9.4 5.4 81.1 0.84 0.33 0.39 2.0 - - 

Ba13 8.7 172.2 430 75.0 230 32 0.05 11.5 5.2 98.0 0.63 - - 1.8 - - 

Ba14 7.5 144.9 432 75.3 192 32 0.05 10.0 5.1 90.4 0.96 0.40 0.42 1.6 - - 

L1 6.5 188.5 432 70.0 269 26 0.03 9.3 - 86.2 1.99 1.02 0.51 4.1 36.7 12852 

L2 8.2 192.0 431 71.2 270 4 0.04 11.4 - 78.1 2.91 0.99 0.34 11.6 36.7 12852 

L3 11.2 261.7 439 71.7 365 4 0.04 15.7 - 112.4 1.83 0.73 0.40 6.3 39.3 13651 

L4 8.2 249.2 439 68.8 362 5 0.03 11.9 - 102.9 1.12 0.35 0.32 0.9 39.9 13651 

L5 16.6 368.4 431 89.8 410 5 0.04 18.5 - 120.8 0.57 0.70 1.24 2.7 39.9 14137 

L6 14.3 354.5 432 89.7 395 3 0.04 16.0 - 120.8 0.57 0.62 1.09 2.5 41.3 13942 

L7 4.6 136.0 432 44.5 306 5 0.03 10.4 - 54.5 1.90 2.39 1.26 33.3 39.2 12534 

L8 9.2 296.3 432 89.1 333 3 0.03 10.3 - 97.0 0.53 0.49 0.92 1.8 37.7 12637 

L9 10.1 340.7 432 88.5 385 6 0.03 11.4 - 92.7 0.84 0.41 0.49 2.8 39.0 11502 

L10 9.7 335.7 434 89.1 377 6 0.03 10.9 - 87.6 0.71 0.38 0.53 2.3 33.3 11775 

L11 13.2 228.3 435 67.8 337 4 0.05 19.4 - 111.8 6.89 5.64 0.82 13.8 36.0 12133 

L12 9.2 229.8 435 78.2 310 5 0.04 11.8 - 105.0 1.19 0.56 0.47 5.1 36.1 12966 

L13 8.5 225.2 433 79.2 291 5 0.04 10.7 - 93.4 1.06 0.38 0.36 3.5 35.4 13356 

L14 13.2 226.9 435 79.4 286 6 0.05 16.6 - 126.4 2.11 1.16 0.55 4.4 36.0 13432 

L15 15.6 271.8 432 79.9 340 7 0.05 19.5 - 153.0 1.19 - - 3.9 41.6 13847 

L16 12.3 231.2 434 78.8 310 9 0.05 15.6 - 114.7 0.73 - - 2.6 41.0 13662 

L17 13.7 224.6 435 80.0 281 13 0.06 17.1 - 120.3 0.62 - - 2.1 38.4 13392 

L18 9.3 168.0 438 74.0 227 14 0.05 12.6 - 84.3 1.29 - - 7.3 34.8 12628 

L19 12.4 195.0 434 69.2 282 0 0.06 18.0 - 74.8 9.97 - - 17.6 32.6 11203 

L20 8.7 182.0 432 74.4 245 26 0.05 11.7 - 112.1 1.05 0.54 0.51 4.3 41.0 12667 

L21 9.0 194.1 433 76.5 254 16 0.04 11.8 - 78.1 0.46 0.52 1.14 4.8 39.1 12867 

Br1 13.3 212.5 444 65.7 324 1 0.06 20.3 - 69.6 6.89 - - 19.8 33.5 11743 

Br2 19.9 282.3 447 82.2 343 2 0.07 24.1 - 71.2 2.25 - - 7.8 39.9 14142 

Br3 15.6 207.6 439 71.0 292 2 0.07 22.0 - 55.0 1.91 - - 16.5 38.1 12851 

Br4 13.1 243.3 442 73.5 331 1 0.05 17.9 - 79.2 7.04 - - 11.6 35.9 12957 

Br5 10.8 200.3 442 57.1 351 1 0.05 19.0 - 50.3 6.81 - - 29.5 30.2 10368 

C1 15.0 206.8 442 83.1 249 2 0.07 18.1 - 100.0 2.26 1.35 0.60 3.9 32.2 14246 

C2 13.2 204.9 443 80.0 256 2 0.06 16.6 - 143.2 1.84 0.82 0.45 7.3 32.6 13953 

 

C3 12.4 185.4 443 72.0 258 1 0.06 17.2 - 44.4 2.01 1.01 0.50 16.6 29.2 12458 

C4 12.8 159.2 440 58.7 271 0 0.07 21.9 - 42.3 12.05 10.24 0.85 24.4 29.8 11390 

C5 18.4 208.4 443 86.2 242 2 0.08 21.3 - 59.5 1.67 0.31 0.19 1.9 32.1 14520 

C6 19.0 230.3 442 86.3 267 1 0.08 22.0 - 69.4 1.39 0.39 0.28 5.1 33.7 14329 

C7 15.7 218.2 445 82.3 265 1 0.07 19.1 - 71.8 1.87 1.15 0.61 5.0 34.1 14234 
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Fig. 2  902 
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Fig. 3 904 
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Fig. 4 907 
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Fig. 5a 909 
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Fig. 5b 911 
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Fig. 6  913 
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Fig. 7 915 
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Fig. 8a 918 
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Fig. 8b 920 
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Fig. 8c 923 
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Fig. 8d 926 
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Fig. 9a 928 
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Fig. 9b 930 
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Fig. 9c 933 
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Fig. 10a 936 
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Fig. 10b 938 
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Fig. 10c 941 
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Fig. 11 944 
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Fig. 12 946 
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Fig. 13 948 
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