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Abstract

This study presents results for pyrolysis experimeonducted on immature Type Il and lls
source rocks (Kimmeridge Clay, Dorset UK, and Mogyeshale, California, USA
respectively) to investigate the impact of highavairessure on source rock maturation and
petroleum (oil and gas) generation. Using a 25ladtalloy vessel, the source rocks were
pyrolysed at low (180 and 245 bar) and high (5@®@ and 900 bar) water pressure hydrous
conditions at 350 °C and 380 °C for between 6 aht.2For the Kimmeridge Clay (KCF) at
350 °C, Rock Eval HI of the pyrolysed rock residuese 30 — 44 mg/g higher between 6 h
and 12 h at 900 bar than at 180 bar. Also at &fbf 24 h the gas, expelled oil, and vitrinite
reflectance (VR) were all reduced by 46%, 61%, aB8% Ro respectively at 900 bar
compared with 180 bar. At 380 °C the retardatitb@ce of pressure on the KCF was less
significant for gas generation. However, oil yialld VR were reduced by 47% and 0.3% Ro
respectively, and Rock Eval HI was also higher 8y1&)/g at 900 bar compared with 245 bar
at 12 h. The huge decrease in gas and oil yielddlee VR observed with an increase in
water pressure at 350 °C for 24 h and 380 °C fdn {fdaximum oil generation) were also
observed for all other times and temperatures tigeged for the KCF and the Monterey
shale. This shows that high water pressure saamifly retards petroleum generation and
source rock maturation. The retardation of oilegation and expulsion resulted in significant
amounts of bitumen and oil being retained in th&sqryrolysed at high pressures,
suggesting that pressure is a possible mechanismatéoning petroleum (bitumen and oil) in
source rocks. This retention of petroleum witlia tock provides a mechanism for oil-prone
source rocks to become potential shale gas ressrvbhe implications from this study are
that in geological basins, pressure, temperatuddiare will all exert significant control on

the extent of petroleum generation and source maatiration for Type Il source rocks, and
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that the petroleum retained in the rocks at higisgures may explain in part why oil-prone

source rocks contain the most prolific shale gasugces.

Keywords: Kimmeridge Clay, Monterey shale, hydrocarbon geti@n, maturation, vitrinite

reflectance, hydrous pyrolysis, high water pressoiressure retardation, shale gas.

1. Introduction

Increasing interest in shale gas exploration hiagdssome questions regarding
petroleum generation in organic rich shales thatath source and reservoir rocks. In
conventional petroleum exploration the source akerates and expels the petroleum which
then migrates into the trap with a seal prevenfimther migration from the reservoir
(Magoon and Dow, 1994). Geochemical parameters taselentify source rocks in
conventional petroleum systems include source @sbnkerogen type and maturity. A
variety of analytical and optical techniques arailable for the identification of kerogen type,
with one of the most widely used laboratory methiogisg pyrolysis to evaluate the amount
and composition of hydrocarbons generated, asaseahvestigating the mechanisms by
which the hydrocarbons are generated. Additiongalyolysis has also been used to derive
the kinetic parameters for the different kerogeresy so that the volume, composition and
timing of petroleum generation can be predictegétyoleum system modelling, which has

become an essential tool in the evaluation of thegectivity of petroleum basins.

In conventional petroleum systems, petroleum (il gas) generation and source
rock maturation occur in hydrostatically or ovegsered basins. The geochemical models

currently used to predict petroleum generationsmdce rock maturation assume that both
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petroleum generation and source rock thermal miabarare determined by the thermal
history of the source rock alone (e.g. Pepper amdiC1995), with pressure being considered
to have no effect. The absence of pressure fralganical models arises from the studies
which have produced conflicting results, with sdinding that pressure had no or very little
effect (Michels et al. 1994; Monthioux et al. 198885), while others have observed that
pressure retarded both maturation and petroleurarggon (Carr et al. 2009; Landais et al.
1994; Michels et al. 1995; Uguna et al. 2012a, PQ2R15). The different findings about the
importance of pressure were considered to be dtietdifferent pyrolysis methods used
(Uguna et al. 2012a). Most of the pyrolysis meth@lg. Rock-Eval, MSSV and hydrous
pyrolysis) heat the source rocks and kerogens urajeur pressure, which has implications
for the mechanical (pV) work required during pettoh generation. The pV work arises
from the volume expansion as kerogen is convertedmodified kerogen, liquid and gaseous
hydrocarbons, and the movement of the generatesbbgrbons into the porosity of the
source rock. Vapour-based pyrolysis methods redunty very small amounts of energy to
account for the pV work due to the high compres$igjtnf vapour. However the pore water
present in source rocks in geological basins iblisipmcompressible, and therefore requires a
much larger amount of pV work to displace the wabgurovide the space for the generated
petroleum. Consequently, the thermal energy useddnd breakage in low pressure vapour-
based pyrolysis (e.g. MSSV) systems, has to belevbetween both bond breakage and pV
work at high water pressures. This reduction inameunt of bond breakage accounts for the
retardation when maturation and petroleum generatoars under water pressure as in
geological basins. Indeed, when the pyrolysis oathare modified to include water
pressure, these studies show retardation of bitumeand gas generation and vitrinite
reflectance under water pressure (Carr et al. 2089l ais et al. 1994; Michels et al. 1995;

Uguna et al. 2012a, 2012b, 2015).
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Another method widely used for source rock pyraysudies is the sealed gold-bag
technique where a crushed sample is placed ingjdédabag, and heated in an autoclave
pressure vessel (Michels et al. 1994; Monthiouxl.et986, 1985). In high pressure studies
using gold bags/capsules, either in the presenabs®ance of water where the gold
bag/capsule is pressurised with water or inertagigdied to the external surface, have shown
little or no pressure effect on petroleum generadiogource rock maturation (Freund et al.
1993; Huang, 1996; Michels et al. 1994; Monthiouale1986, 1985). It has been suggested
that gold-bag pyrolysis accurately replicates subserconditions in the laboratory
(Monthioux, 1988). However, the results obtainexif gold-bag pyrolysis investigations
showed that the gas yields increased with incrggsiassure (Tao et al. 2010), which is the

opposite trend to that predicted by thermodynamics.

In complex self-contained “unconventional” shale gaploration, the same
geochemical methods as used for conventional exgobor have also been widely applied,
although the nature of the inorganic componentsfdnen the bulk of the source rock must be
included, as they form the main reservoir, whichtoals gas storage after generation and the
potential for production (Scotchman, 2015). Altgbuhe amount of research has vastly
increased during the past decade, there are a mwhbeknowns concerning the petroleum
generation and retention processes that accoutitédmuccess of these systems. The
formation of thermogenic gas arises from severatgsses; the decomposition of primary
kerogen to bitumen and gas, the decomposition méigeed bitumen to oil and gas, the
secondary cracking of the oil to gas and pyrobitunaad the direct generation of gas from
kerogen during the gas window (Jarvie et al. 200f)e generated gas is stored as free gas in

either intergranular porosity and fractures in eeahanoporosity in kerogens that developed



122 during maturation, adsorbed onto the kerogen aaymarticle surfaces, or absorbed in either
123 kerogen or bitumen (Bernard et al. 2012a; Curi®22 Jarvie et al. 2007; Jenkins and Boyer,
124  2008; Loucks et al. 2010; Montgomery et al. 2008s$and Bustin, 2009; Scotchman, 2015).
125

126 Unconventional shale gas resource systems arealgraightly to highly over-

127 pressured (Jarvie, 2012), and the few publishediestiso far have used either open system
128 pyrolysis (Rock Eval and pyrolysis gas chromatobgyapor low pressure MSSV closed

129 system pyrolysis, to investigate gas generationratahtion in shale gas resource systems
130 (Hartwig et al. 2010; Mahlstedt and Horsfield, 20$fwakiewicz et al. 2015). The

131 retention of gas in shales depends partly on therptisn of the generated gas by the kerogen
132 and inorganic minerals (Williams, 2013). Adsorptis the adhesion of gas and liquid

133 molecules to the adsorbent (kerogen and shale)isaaexothermic process favoured in high
134 pressure conditions. This study investigatesi@aict of high water pressure on oil and gas
135 generation, and source rock maturation during exyeets on immature oil prone Type Il and
136 lIs source rocks (Kimmeridge Clay and Monterey eesipely), using a pressure range of

137 180-900 bar and temperatures of 350 and 380 °Gs iFto investigate previous findings that
138 gas generation in shale gas resource systemssrésuit cracking of petroleum (bitumen and
139 oil) retained in low porosity shale source rockbigh maturities (Bernard et al. 2012a,

140 2012b; Hill et al. 2007; Jarvie et al. 2007).

141

142 In geological basins, the hydrostatic pressuresgees at ~100 bar/km, and the

143 pressures used in this study therefore correspmpdttoleum generation with the depth

144 interval of 1.8 to 9 km. Assuming a temperaturegeafor petroleum generation of 60 to 200
145 °C (Peters and Cassa, 1994), and an average geallgradient of 30 °C/km, then the depth

146 interval of petroleum generation occurs between®7@akm, then petroleum generation in



147 hydrostatically pressured basins occurs betweeraB8(000 bar. In the case of basins with
148 lower geothermal gradients or those with overpnessuhe pressure at which petroleum
149 generation occurs could extend to 900 bar and higihéth overpressures of up to 60 MPa
150 (600 bar) in Jurassic reservoirs in the Centrab@&naNorth Sea, and when combined with
151 the hydrostatic pressure in the Jurassic reserabugpths of 4 km and deeper, and with the
152 source rock also of Jurassic age, then the total peessure can be as high as 1000 bar. The
153 pressures used in this study are therefore compavathi those occurring during petroleum
154 generation. However, the experimental temperatamesnuch higher, due to the necessity for
155 the reaction to occur in 24 h as opposed to thioms of years in geological basins.

156

157 No analyses were undertaken on the generatedsithjs study was aimed at

158 investigating generation in unconventional sougc#esns. The authors recognise that the
159 generation of oil from the bitumen generated bysiwrce rock/kerogen plays a role in

160 determining the composition of the bitumen that segbently generates gas in the gas

161 window, but the main focus of this work was on sing the effect that pressure plays on
162 controlling the amount of bitumen and oil that sued the oil window to be available to

163 generate gas in the gas window. We also acknowldtg under the supercritical water
164 conditions (380 °C) used in some of these experigyevdater will have the properties of an
165 organic solvent, which is completely different fréhe liquid water conditions present in the
166 350 °C experiments and those in nature. Thissuilely lead to more oil being expelled at
167 380 °C compared to 350 °C. However, it was necggeause a temperature as high as 380
168 °C to be able to achieve high (gas window) matuaitg conversion in reasonable time. As
169 we have previously shown that 900 bar water pressxperiments retarded vitrinite

170 reflectance of oil prone Svalbard coal by 0.15%aiRd 0.16% Ro at 350 °C and 380 °C

171 respectively for 24 h compared to low pressuresufidget al. 2015).
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2. Experimental

The Monterey shale sample studied is from the |Io&l&mira shale member, outcrop
located East of Lunada Bay, Palos Verdes, Cali#oriihe Kimmeridge Clay Formation
(KCF) source rock was from Kimmeridge Bay outcrDpyset, UK. Both source rocks were
immature, with the Kimmeridge Clay containing 30.48tal organic carbon (TOC), with a
hydrogen index (HI) of 639 mg/gdx of 419 °C, and a vitrinite reflectance (VR) of @8
Ro. The Monterey shale contains 13.8% TOC, witlo+844 mg/g, T.x of 386 °C, and VR
of 0.36% Ro. The pyrolysis equipment used was mPHastalloy cylindrical pressure
vessel rated to 1400 bar at 420 °C, connectegtessure gauge and rupture disc rated to 950
bar. The experiments being conducted on non-daetlaocks (sample size 2-4 mm) at 350
and 380 °C for 6-24 h under low pressure hydro88 @nd 245 bar) and high water pressure
(500, 700 and 900 bar) conditions using 3.29 giafrderidge Clay and 1.44 g of Monterey
shale. The experimental procedure used was deddnlzetail by Uguna et al. (2012a,

2015).

After pyrolysis, the generated gases were colleateinbient temperature with a gas
tight syringe and transferred to a gas bag (dfietatal volume had been recorded), and
immediately analysed for the €, hydrocarbon composition by gas chromatography as
described previously by Uguna et al (2012a). Tpebked oil floating on top of the water
after the experiments was collected with a spanthrecovered by washing with cold
dichloromethane (for runs where expelled oil wasegated), after which the water in the
vessel was decanted. The floating oil on top efwlater, together with oil stuck to the side

the reactor wall (recovered by washing with colchtbromethane), as well as the oil on the
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outside of the pyrolysed rock (recovered by quickBshing with cold dichloromethane for

30 seconds prior to drying of the rock), were alinbined and referred to as expelled oil. The
reacted rock was then vacuum dried at 45 °C foh3etushed and soxhlet extracted using
150 ml dichloromethane/methanol mixture (93:7 vatunwolume) for 48 hours to recover the
bitumen, and any non-expelled oil retained in theky both being referred to as bitumen. It
should be noted that the use of crushed rock i #henm size range in the experiments
probably favours increased amounts of oil and gasileion from the pyrolysed source rock
compared with larger masses in geological basimgttae term expelled oil does not indicate
the amount of oil that can be expected to have bgpalled from the much larger source rock

layers present in geological basins.

Vitrinite reflectance measurement, Rock Eval andCTédalysis were made on both
the initial non extracted rocks and pyrolysed sof\extracted rocks residues. Vitrinite
reflectance measurement was performed using the sathod and instrument described in
our previous study (Uguna et al. 2012a). Rock pyablysis used a Vinci Technologies
Rock Eval 6 standard instrument, with about 60 fingreshed powdered rock being heated
using an initial oven programme of 300 °C for 3 raimd then from 300 °C to 650 °C at the
rate of 25°C min in an N atmosphere. The oxidation stage was achieveaatry at 300
°C for 1 min and then from 300 °C to 850 °C at 20riin™* and held at 850 °C for 5 min.
Hydrocarbons released during the two-stage py®lysire measured using a flame ionisation
detector (FID) and CO and G®easured using an infra-red (IR) cell. Rock Exaabmeters
reported in this study were S1 (free hydrocarbanag HC/g of rock TOC), S2 (generated
hydrocarbons in mg HC/g of rock TOC), HI (hydrogedex calculated from S2 X

100/TOC), TOC and max (temperature of maximum S2 peak).
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3. Results

3.1. Kimmeridge Clay

3.1.1. Pyrolysis at 350 °C

The individual and total (f2C,) gas yields (mg/g of initial rock TOC) obtained fbe
KCF source rock at 350 °C are presented in Tabhgth,the total gas yields presented in
Figure 1. The total (£C,) gas yields obtained between 6 and 24 h reacheakanmum at
180 bar for each period of heating, but then pregjuely decreased with an increase in water
pressure. The total gas yield increases as traidnrof the experiment increased from 6 to
12 and then to 24 h for all pressures investigatetiene (GH4) and propene (&) yields
were also higher at 6, 12 and 24 h under 180 hadlitons compared to the amounts present

at higher pressures.

10
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Table 1. Individual and total ¢€C,) hydrocarbon gas yields (mg/g TOC of initial rot®C)
for Kimmeridge Clay and Monterey Shale pyrolysi8a0 °C for 6-24 h.

KCF samples (Tr'];ne CH: GH: GHs GCiHs CiHs  CaHio I:?tgi vc\;/gtsness
180 bar 6 26 013 23 032 17 08 8 033
500 bar 6 15 002 13 007 10 05 4 0.38
700 bar 6 10 001 08 003 06 03 3 0.33
900 bar 6 09 00l 07 002 05 03 2 0.45
180 bar 12 49 013 47 044 37 15 15 033
500 bar 12 40 001 36 008 27 15 12 0.33
700 bar 12 30 001 27 006 21 11 9 0.33
900 bar 12 24 001 23 005 19 10 8 0.30
180 bar 24 76 009 74 050 55 26 24 0.32
500 bar 24 57 001 55 010 45 25 18 0.32
700 bar 24 48 001 45 004 33 15 14 0.34
900 bar 24 48 000 39 004 29 14 13 0.37
Monterey samples

180 bar 6 82 039 46 079 28 12 18 0.46
500 bar 6 51 007 27 016 17 07 10 051
700 bar 6 41 004 22 011 14 06 9 0.46
900 bar 6 45 003 24 010 15 07 9 0.50
180 bar 24 114 023 74 077 47 20 27 0.42
500 bar 24 75 003 46 016 32 15 17 0.44
700 bar 24 61 002 39 009 26 12 14 0.44
900 bar 24 54 001 35 008 23 11 12 0.45

Gas wetness —{(fC;-Cy)

11
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Figure 1. Total hydrocarbon {€C,) gas yields (mg/g TOC of initial rock TOC) for
Kimmeridge Clay and Monterey Shale pyrolysis at 360For 6-24 h.

The expelled oil and bitumen yields (mg/g of iditiack TOC) generated for the KCF
source rock at 350 °C are presented in Figure Zlaibte 2. At 6 h only bitumen was
generated, as oil generation had not yet commentkd.bitumen yield reduced slightly at
900 bar compared to 180 bar. Pyrolysis for 12shlted in the onset of oil generation, and
extending the duration to 24 h resulted in incrdaskyields at all pressures compared with
the 12 h values. The oil yields at 12 and 24 kehred a maximum at 180 bar, and decreased
as the pressure increased to 900 bar (Table 2ignceR2). The trend in bitumen yields was
opposite to that obtained from the oil yield, wiltle bitumen progressively increasing going

from a minimum at 180 bar to a maximum at 900 hab(e 2).

12
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Table 2. Bitumen and oil yields, and residual roakvidual and mean VR for Kimmeridge
Clay and Monterey Shale pyrolysis at 350C for 6-24 h

KCF samples Time Expelled oil Bitumen  Residual rock individuaResidual rock
(h) (mg/g TOC)(mg/g TOC)VR readings (% Ro) mean VR (% Roj
180 bar 6 0 994 0.62, 0.72, 0.69, 0.650.67 (4)
0.67
500 bar 6 0 968 0.74, 0.63, 0.69, 0.580.63 (14)

0.61, 0.50, 0.65, 0.64,
0.73, 0.60, 0.57, 0.67,

0.57, 0.66
700 bar 6 0 961 0.68, 0.60 0.64 (2)
900 bar 6 0 932 0.55, 0.64, 0.64 0.62 (3)
180 bar 12 201 740 0.78, 0.69, 0.63, 0.680.73 (9)
0.76, 0.74, 0.71, 0.77,
0.82
500 bar 12 161 764 0.61, 0.77, 0.69, 0.740.70 (8)
0.63, 0.79, 0.66, 0.74
700 bar 12 138 807 0.74,0.71, 0.69 0.71 (3)
900 bar 12 127 829 0.69, 0.60, 0.55, 0.670.65 (7)
0.73, 0.68, 0.61
180 bar 24 339 398 0.87, 0.80, 0.89 0.85 (3)
500 bar 24 257 517 0.72,0.76 0.74 (2)
700 bar 24 157 614 0.67, 0.63 0.65 (2)
900 bar 24 133 809 0.64, 0.56 0.60 (2)
Monterey samples
180 bar 6 314 244 0.70, 0.67,0.54,0.64  0.64 (4)
500 bar 6 245 262 0.57, 0.49 0.53 (2)
700 bar 6 244 274 0.52, 0.58, 0.53 0.54 (3)
900 bar 6 228 269 0.44,0.51,0.46,0.44  0.46 (4)
180 bar 24 365 127 1.22,1.12 1.17 (2)
500 bar 24 291 141 1.07, 1.20 1.14 (2)
700 bar 24 253 180 0.95,1.05,1.01,1.00 1.00 (4)
900 bar 24 246 179 0.89, 0.94 0.92 (2)

#numbers in bracket are the numbers of vitriniteiglas measured.

13
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Figure 2. Oil yields (mg/g TOC of initial rock TO@)r Kimmeridge Clay and Monterey
Shale pyrolysis at 350 °C for 6-24 h.

The Rock-Eval pyrolysis data (S1, S2, HI, drdy obtained from the pyrolysed
residual extracted KCF source rock at 350 °C atediin Table 3. The S2 data show values
at 900 bar that are higher than those at 180 Hawtht6é and 12 h. In contrast at 24 h S2 show
lower values at 900 bar compared with 180 bar. Sh&alues obtained at 180 and 500 bar
after 24 h are higher than those obtained fronmeettie 6 or 12 h experiments at both
pressures, and also when compared to 700 and 900’ba HI data do not show a consistent
trend with increasing pressure and time. The Hieswere higher in the 6 h than in the 12 h
experiments under all pressure conditions, and 2e values are higher than the 24 h data
apart from the 12 h 500 bar run, which has a higheat 24 h than at 12 h. The S2 and HI
relationships with pressure and time appear toobeptex, with the variations being due to
the presence of modified bitumen that did not consempletely to petroleum in the residues
that generated more oil. During Rock Eval pyradysiny modified bitumen (insoluble in the
DCM/methanol solvent mixture used for extractingyyien from the source rocks) present in

14
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299

300

the residual rock will be released as volatiles géiate the unconverted hydrocarbon as S2
peak, thus increasing the S2 yield. The factitinadified bitumen that did not convert
completely to petroleum in the 180 and 500 bar meskdues contributes to S2 yield, suggests
that such partially modified bitumen can contribitesecondary gas generation at high
maturity in geological basinslnaxincreased with increasing time going from 6 to 24nider

all experimental conditions due to increase inrtt@mmaturity, but no significant effect of
pressure was observed apart from 24 h whgggwas slightly higher at 180 bar compared to

the high pressures (500-900 bar).

The residual individual and mean vitrinite referate (VR) values obtained for the
KCF source rock after pyrolysis at 350 °C are tisteTable 2 with the mean values
presented in Figure 3. After 6 and 12 h pyrolydie,mean VR was higher at 180 bar, stayed
about the same at 500 and 700 bar, but were odbces slightly by 0.05% Ro (at 6 h) and
0.08% Ro (at 12 h) at 900 compare to 180 bar. 441 the mean VR was also higher at 180
bar (0.85% Ro0), but reduced by 0.11% Ro to 0.74%R90 bar water pressure. The mean
VR reduced further to 0.65% Ro and 0.60% Ro ataf@D900 bar respectively, such that the
700 and 900 bar values were 0.20% Ro and 0.25%$tectively lower than the 180 bar VR
value. The gas wetness varied between 0.30 abd Dable 1), which is consistent with the

oil window maturities (0.60-0.85% Ro) indicatedthg VR data.
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301 Table 3. Kimmeridge Clay and Monterey shale TOC Rodk Eval data for initial and
302 residual rock pyrolysed at 350 °C for 6-24 h.

303

KCF samples Time Sl S2 HI Tmax Residual rocl
(h) (mg/lg) (mg/g) (mg/g) (°C) TOC (%)

Initial KCF 4.6 194 639 419 30.4
180 bar 6 0.04 10.8 229 437 4.7
500 bar 6 0.03 12.3 248 437 5.0
700 bar 6 0.03 12.3 254 438 4.9
900 bar 6 0.04 13.9 273 438 5.1
180 bar 12 0.05 10.6 181 441 5.9
500 bar 12 0.02 8.0 164 440 4.9
700 bar 12 0.04 9.0 172 442 5.3
900 bar 12 0.01 11.2 211 440 5.3
180 bar 24 0.11 18.7 167 446 11.2
500 bar 24 0.11 16.6 177 443 9.4
700 bar 24 0.04 8.4 152 440 5.6
900 bar 24 0.05 8.1 153 441 5.3
Monterey samples
Initial Monterey 4.2 75 544 386 13.8
180 bar 6 0.10 7.1 116 433 6.1
500 bar 6 0.07 8.4 142 432 5.9
700 bar 6 0.13 8.8 151 431 5.8
900 bar 6 0.18 9.4 157 432 6.0
180 bar 24 0.13 3.5 63 439 5.6
500 bar 24 0.16 4.5 80 438 5.6
700 bar 24 0.10 5.9 104 436 5.7
900 bar 24 0.09 5.7 98 437 5.9

304

305 3.1.2. Pyrolysis at 380 °C

306

307 In pyrolysis experiments at 380 °C for 6-24 h, tibial (G-C,) gas yields in mg/g of
308 initial rock TOC (Table 4 and Figure 4) generatedthe KCF source rock were higher at 500
309 bar compared to 245 bar. Increasing the pressuf@Q and 900 bar produced a slight

310 decrease in the gas yield compared with 500 bthrerte (GH4) and propene (§Es) yields

311 were higher at 245 bar, and also reduced goinggto fressures (500 to 900 bar) as observed
312 at350°C.

313
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315 Figure 3. Mean VR (% Ro) for Kimmeridge Clay andilerey Shale pyrolysis at 350 °C for
316 6-24 h.
317
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318
319
320

321

322

323

Table 4. Individual and total ¢€C4) hydrocarbon gas yields (mg/g TOC of initial rot®C)
for Kimmeridge Clay and Monterey Shale pyrolysiS8&0 °C for 6-24 h.

KCF Samples Time CH, CoHa CoHg CsHg CsHg C4H1o Total Gas

(h) C,-C4 Wetness
245 bar 6 7.4 0.15 6.9 0.84 4.8 2.0 22 0.34
500 bar 6 12.5 0.04 11.0 0.41 7.5 2.9 34 0.37
700 bar 6 11.2 0.04 10.1 0.27 7.1 2.7 31 0.36
900 bar 6 10.7 0.02 9.6 0.19 6.8 2.8 30 0.36
245 bar 12 9.1 0.11 8.2 0.78 5.3 1.9 25 0.36
500 bar 12 16.5 0.02 15.2 0.44 11.8 5.3 49 0.34
700 bar 12 16.2 0.03 14.9 0.32 11.5 5.3 48 0.34
900 bar 12 15.9 0.03 14.4 0.20 10.1 3.9 45 0.35
245 bar 24 15.3 0.08 13.9 0.90 10.2 3.9 44 0.35
500 bar 24 19.1 0.03 15.4 0.32 13.3 7.2 55 0.35
700 bar 24 17.1 0.04 14.8 0.39 12.6 7.0 52 0.33
900 bar 24 16.9 0.00 14.4 0.34 12.2 7.2 51 0.33
Monterey samples
245 bar 6 7.6 0.48 5.4 1.30 2.5 1.2 19 0.40
500 bar 6 12.2 0.07 7.9 0.36 5.3 2.1 28 0.44
700 bar 6 8.7 0.05 5.7 0.21 3.8 15 20 0.44
900 bar 6 8.9 0.03 5.7 0.16 3.7 1.4 20 0.45
245 bar 24 154 0.59 9.9 2.15 6.3 2.6 37 0.42
500 bar 24 21.1 0.05 13.9 0.29 10.6 5.2 51 0.41
700 bar 24 22.2 0.05 14.1 0.21 10.4 4.6 52 0.43
900 bar 24 20.9 0.05 13.4 0.24 10.0 4.8 49 0.43

Gas wetness —{(fC;-Cy)
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Figure 4. Total hydrocarbon {€C,) gas yields (mg/g TOC of initial rock TOC) for
Kimmeridge Clay and Monterey Shale pyrolysis at 38Gor 6-24 h.

The oil yields in mg/g of initial rock TOC (Tablea;d Figure 5) from pyrolysis at
380 °C reached a maximum at 500 bar for 6 h, befatacing by 29% and 47% at 700 and
900 bar respectively. The oil yield increasedhasresidence time was raised from 6 to 12 h
under all pressure conditions as expected, withimiax oil generation occurring at 245 bar
for 12 h. The oil yield decreased consistentlpath the 12 h and 24 h experiments as the
pressure was increased from 245 to 900 bar, alththegy24 h 700 and 900 bar oil yields are
higher compared to 12 h at the same pressuresbiftheen yield in mg/g of initial rock
TOC (Table 5) at 6 h decreased from 245 bar toranmim at 500 bar, before increasing
significantly going to 700 and 900 bar. In contitasthe 6 h yields, the bitumen yield at 12 h

increased continuously as the pressure increaseddd5 to 900 bar, while at 24 h the
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338

339

340
341
342
343

344
345
346
347

bitumen yield was higher at 245 bar, similar at 888 700 bar and increased slightly going

to 900 bar.

Table 5. Bitumen and oil yields, and residual roxkvidual and mean VR for Kimmeridge
Clay and Monterey Shale pyrolysis at 3&for 6-24 h.

KCF samples Time Expelled oil Bitumen Residual rock individualResidual rock mea
(h) (mg/g TOC) (mg/g TOC) VR readings (% Ro) VR (% RO0)

245 bar 6 321 304 0.87, 0.83, 0.73, 0.820.80 (6§
0.81,0.76

500 bar 6 382 243 0.74, 0.68, 0.79, 0.820.76 (5)
0.78

700 bar 6 272 432 0.67, 0.66, 0.72, 0.750.69 (5)
0.63

900 bar 6 201 508 0.71, 0.64, 0.69, 0.570.62 (7)
0.60, 0.61, 0.53

245 bar 12 499 120 0.90, 0.98 0.94 (2)

500 bar 12 434 141 0.83, 0.87,0.93,0.84 0.87 (4)

700 bar 12 314 162 NDP

900 bar 12 262 233 0.74, 0.63, 0.55 0.64 (3)

245 bar 24 411 120 1.36, 1.20, 1.27, 1.311.28 (5)
1.25

500 bar 24 426 78 1.25,1.06,1.17,1.121.14 (6)
1.14,1.11

700 bar 24 397 78 1.05, 0.98, 1.04, 1.08 1.04 (3)

900 bar 24 338 85 0.98, 0.94, 1.04 0.99 (4)

Monterey samples

245 bar 6 229 157 0.86 0.86 (1)

500 bar 6 334 136 0.88, 0.93, 0.89 0.90 (3)

700 bar 6 312 138 0.84,0.77 0.81 (2)

900 bar 6 268 158 0.80, 0.74 0.77 (2)

245 bar 24 225 91 1.46, 1.37,1.42, 1.36 1.40 (4)

500 bar 24 301 98 1.48, 1.54, 1.59 1.54 (3)

700 bar 24 241 109 1.37,1.36 1.37 (2)

900 bar 24 242 109 1.23,1.14,1.18,1.19 1.19 (4)

® humbers in bracket are the numbers of vitrinitgiglas measured.
® ho determination of vitrinite particles possible.
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Figure 5. Oil yields (mg/g TOC of initial rock TO@)r Kimmeridge Clay and Monterey
Shale pyrolysis at 380 °C for 6-24 h.

The Rock-Eval pyrolysis data (S1, S2, HI, andy for the KCF at 380 °C (Table 6)
show no consistent trend for either S2 and HlfatWwhereas at 12 and 24 h both S2 and HI
increase with increasing pressure. Apart from9d@ bar residue at 12 h, the S2’s at other
pressures are lower compared to the same presgu8ds while the 24 h data are consistently
lower than the 12 h samples. The HI also reducheasme was increased from 6 to 12 h,
and then from 12 to 24 h at all pressurégaxwas similar under all experimental conditions
at 6 h and 12 h, but was higher at 24 h under 24%dnditions compared to those between

500 and 900 bar.
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362 Table 6. KCF and Monterey shale TOC and Rock Eat tbr initial and residual rock
363 pyrolysed at 380 °C for 6-24 h.

364

365
KCF samples Time Sl S2 HI Tmax Residual rocl

(h) (mg/g) (mg/g) (mg/g) (°C) TOC (%)

Initial KCF 4.6 194 639 419 30.4
245 bar 6 0.63 135 110 448 12.3
500 bar 6 0.11 12.7 114 448 11.1
700 bar 6 0.11 13.2 119 444 11.1
900 bar 6 0.12 11.1 105 446 10.6
245 bar 12 0.07 7.5 63 453 12.0
500 bar 12 0.09 9.1 72 449 12.6
700 bar 12 0.08 10.2 80 448 12.8
900 bar 12 0.10 11.2 88 448 12.8
245 bar 24 0.06 5.8 44 496 13.2
500 bar 24 0.08 5.8 50 464 11.7
700 bar 24 0.09 6.8 53 460 12.7
900 bar 24 0.08 7.2 59 458 12.2
Monterey samples
Initial Monterey 4.2 75 544 386 13.8
245 bar 6 0.10 3.0 44 449 6.9
500 bar 6 0.08 2.4 44 441 5.4
700 bar 6 0.07 2.2 43 441 5.1
900 bar 6 0.09 2.4 43 443 5.6
180 bar 24 0.05 1.7 23 521 7.3
500 bar 24 0.06 1.1 22 527 4.9
700 bar 24 0.11 1.2 24 537 5.1
900 bar 24 0.06 1.4 26 514 5.3

366

367 The KCF individual and mean VR obtained at 380 €624 h are presented in

368 Table 5 and the mean VR also presented Figureh@.nfean VR at 6 h was higher at 245 bar
369 (0.80% Ro0), and was not significantly affected bggsure at 500 bar. However, at 700 and
370 900 bar the mean VR were reduced to 0.69% Ro &&¥0ORo respectively. Increasing the
371 residence time to 12 h resulted in higher mean ¥iRpared to 6 h, except for the 900 bar
372 residue which had about the same VR as that olata@ifter 6 h. The mean VR value at 12 h
373 (Table 5 and Figure 6) was higher at 245 bar, aasl wot significantly affected by pressure
374 going to 500 bar as observed at 6 h. At 700 barRaneasurement was possible due to the

375 absence of any recognisable vitrinite. At 900tharmean VR was reduced by 0.3% Ro
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376 compared with the 245 bar VR. At 24 h the mean(V&ble 5 and Figure 6) increased under
377 all pressure conditions as expected. The mean &Rhigher at 245 bar, reduced by 0.14%
378 Ro and 0.24% Ro with increase in pressure to 50@ime 700 bar respectively. At 900 bar
379 the VR reduced further by 0.29% Ro compared t®#tebar value. The higher VR observed
380 at 24 h under 245 bar, and the reduction goinggl pressures (500-900 bar) is consistent
381  with Thaxwhich was higher at 245 bar and reduced betweerab@®00 bar. The gas

382 wetness varied between 0.33 and 0.37 (Table 4)asndonsistent with VR data in the range

383  0.62 to 1.28% Ro (oil window).
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386 Figure 6. Mean VR (% Ro) for Kimmeridge Clay andmilerey Shale pyrolysis at 380 °C for
387 6-24 h.
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3.2. Monterey Shale

3.2.1. Pyrolysis at 350 °C

The individual and total ({2C,) gas yields (mg/g of initial rock TOC) obtained fbe
Monterey shale source rock at 350 °C are presentédble 1 and Figure 1. The total,{C
C,4) gas and alkenes yields obtained from the Montsagyples follows the same trends as
already described for the KCF, viz. a reductiorhviiiicreasing pressure in both the 6 and 24 h
pyrolysis. At 6 h the Monterey shale source roall ktarted generating oil. This is in
contrast to the KCF source rock, and can be at&to the Monterey shale being more
reactive than the KCF, primarily due to the presenicType lls kerogen in the Monterey
shale rather than Type Il in the KCF. The expetidgields (Figure 2 and Table 2)
decreased while the bitumen yields (Table 2) irswdaat both 6 and 24 h as the pressure

increased from 180 to 900 bar, again a similarditerthat observed for the KCF at 350 °C.

The Monterey shale Rock Eval data (S1, S2, HI, Brg) obtained from the 350 °C
pyrolysed extracted rock residues are presentédlite 3. The trend in S2 and Hl is the
same as observed for the KCF source rock at 6 2id TThe 6 h S2 increased consistently as
pressure increased from 180 to 900 bar. The H8@thr was also lower, and also increased
with increase in pressure to 900 bar. An increagbe residence time to 24 h resulted in
reductions in both S&2nd HI under all pressures, with the reduction gpg@nmarily due to
more petroleum generation with time. Both the 8@ ldl values obtained from the samples
pyrolysed at 700 and 900 bar for 24 h are highan the values obtained at 245 and 500 bar.
Tmaxwas similar under all experimental conditions atl®h and 24 h. The residual

individual and mean VR values obtained for the Mogey shale source rock after pyrolysis at
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350 °C are listed in Table 2 and the mean VR atessgnted in Figure 3. The VR also
reduced by 0.18% Ro and 0.25% Ro at 6 h and 2dgectively going from 180 bar to 900
bar as observed for the KCF source rock. The agtrgtios range between 0.42 and 0.51
(Table 1), which are consistent with the mainlg lehmature to oil window vitrinite

reflectance data (0.46 to 1.17% RO).

3.2.2. Pyrolysis at 380 °C

The Monterey shale individual and totah{C,) gas yields (mg/g of initial rock TOC)
are presented in Table 4 and Figure 4. The tatslygelds show a slightly different trend to
that observed at 350 °C, in that maximum gas yietdsirred at 500 bar for both 6 and 24 h
runs, and not low pressure as in the 350 °C experisn At 6 h the gas yield was higher at
500 bar and reduced at 700 and 900 bar to a siwa@lae as that obtained at 245 bar. At 24 h
the total gas yield also increased going from 245t a maximum at 500 bar, but stayed the
same at 700 and 900 bar. Ethene and propene weldshigher at 6 and 24 h under low
pressure conditions, and reduced at high presssrebserved at 350 °C. The expelled oll
yield (mg/g of initial rock TOC) obtained at 380 f@& 6 and 24 h (Table 5 and Figure 5) also
follows the same trend as the KCF source rockeesing from 245 bar to a maximum at 500
bar, before decreasing at 700 and 900 bar. AttP loil yield decreased slightly under all
pressure conditions compared to the yields atahtl,is due to the oil starting to crack to gas.
The bitumen yield (Table 5) for 6 h decreased géiam 245 bar to a minimum at 500 and
700 bar, before increasing at 900 bar to the sathue wdbtained at 245 bar. At 24 h the
bitumen yields were similar at 245 and 500 bar, ianckased slightly to the same value at

both 700 and 900 bar.
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The Rock Eval pyrolysis data (S1, S2, HI, dpdy obtained from extracted rock
residues from Monterey shale pyrolysis at 380 °Gsfand 24 h are presented in Table 6.
The S2 and HI values at 24 h were approximatelfythalsize of the values at 6 h under all
experimental conditions, this is due to significaatroleum generation from the source rocks
with increase in residence time. Overall S2 andvklle not affected by pressure at 380 °C.
Tmaxwas slightly higher at 6 h under 245 bar compaodoketween 500 and 900 bar. At 24 h
Tmaxinitially increased from 245 bar to maximum at 120, before reducing to 900 bar. The
individual and mean VR at 380 °C for 6 and 24 hmesented in Table 5, with the mean VR
plotted against pressure in Figure 6. Overaliniean VR values are higher than those at 350
°C, indicating either oil window to early gas wid¢range 0.81 to 1.54% Ro). The VR
values are consistent with gas wetness values16ft0.0.45 which are slightly lower than
those in the 350 °C samples. The VR values arsdhee range as those obtained from
pyrolysis of oil-prone Svalbard coal samples at 380dor 24 h at pressures between 235 and
900 bar (Uguna et al. 2015). The mean VR increaseygrom 245 to 500 bar, with the
increase most evident at 24 h. An increase ipthssure from 500 bar to 700 and 900 bar
resulted in a reduction of the VR at both 6 and 24Hich was also observed for the KCF
source rock. At 6 h increase in pressure fromio 700 and 900 bar reduced the mean
VR by 0.09% Ro and 0.13% Ro respectively, and at #2e mean VR also reduced by 0.17%

Ro and 0.35% Ro at 700 and 900 bar respectivelyeaosa with the 500 bar VR value.

3.3. Experimental carbon mass balance

Tables 7 and 8 present the carbon mass balanck€foand Monterey shale
respectively at 350 and 380 °C for 6-24 h. Thedred TOC of the source rocks,

hydrocarbon gas, oil and bitumen yields have beea to derive these balances. The carbon
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content of one bitumen and one oil sample genefatedthe KCF analysed were 80% and
80.5% respectively, and therefore a value of 80% assumed to derive the carbon balances
for all the oils and bitumens for both source rockée balances exclude @lkenes, iso
butane and £gases, lower molecular weight hydrocarbons e gplges, CO and CQOwhich
were not measured. The gasoline hydrocarbons cmilde recovered due to evaporative
losses during product recovery and solvent extvaaif the pyrolysed rock to recover the

bitumen and un-expelled oil.

The carbon balances were between 84 and 88% &3 the KCF source rock at
the bitumen generation stage (6 h) and the ondatwhen cracking to oil (12 h), and they
would have been closer to 100% if &kenes, iso butanes@ases, CO and G@ata had
been available to be included. Extending the esgid time to 24 h at 350 °C (bitumen
cracking to oil stage), the KCF carbon recovery betsveen 81 and 85% (except for the
experiment at 700 bar). At 380 °C the KCF reca&emere between 74 and 79% in both the
6h and 12 h experiments except for the 700 and @6@ulns which gave 68% recovery, these
being lower than the recoveries obtained at 350TKls is again probably due to increased
lighter hydrocarbon products being generated at’83@&nd as noted above, these lighter
hydrocarbons were not recovered. At 380 °C for 24ehKCF recoveries were between 69
and 81%. The carbon recovery for the Monterey sisajenerally lower than the KCF source
rock under all experimental conditions. This isduese the Monterey shale is more reactive,
thus probably generated more lighter hydrocarbbas the KCF at the same temperature,

pressure and time conditions.
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490 Table 7. Carbon balances (products and residuklinomg of carbon) for Kimmeridge Clay
491 pyrolysis.

492
Sample TemperatureTime Total Bitumen Oil Residual Total (%)
°C) (h) (C1-Cy) rock recovered Recovery
180 bar 350 6 6 795 0 83 884 88
500 bar 350 6 3 774 0 93 870 87
700 bar 350 6 2 769 0 86 857 86
900 bar 350 6 2 746 0 94 842 84
180 bar 350 12 12 592 161 105 870 87
500 bar 350 12 9 611 129 89 838 84
700 bar 350 12 7 646 110 91 854 85
900 bar 350 12 6 663 102 93 864 86
180 bar 350 24 19 318 271 219 827 83
500 bar 350 24 15 414 206 174 809 81
700 bar 350 24 11 491 126 107 735 74
900 bar 350 24 10 647 106 88 851 85
245 bar 380 6 17 243 257 258 775 78
500 bar 380 6 27 194 306 211 738 74
700 bar 380 6 25 346 218 205 794 79
900 bar 380 6 24 406 161 202 794 79
245 bar 380 12 20 96 399 267 782 78
500 bar 380 12 39 113 347 251 750 75
700 bar 380 12 38 130 251 258 677 68
900 bar 380 12 35 186 210 253 684 68
245 bar 380 24 35 96 329 345 805 81
500 bar 380 24 44 62 341 304 751 75
700 bar 380 24 41 62 318 310 731 73
900 bar 380 24 40 68 270 312 690 69
493

494
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495 Table 8. Carbon balances (products and residuklinomg of carbon) for Monterey Shale
496 pyrolysis.

497
Sample TemperatureTime Total Bitumen Oil Residual Total (%)
°O) (h) (C1-Cy) rock recovered Recovery
180 bar 350 6 14 195 251 334 794 80
500 bar 350 6 8 210 196 325 739 74
700 bar 350 6 7 219 195 313 734 73
900 bar 350 6 7 215 182 323 727 73
180 bar 350 24 21 102 292 313 728 73
500 bar 350 24 13 113 233 301 660 66
700 bar 350 24 11 144 202 317 674 67
900 bar 350 24 10 143 197 315 665 67
245 bar 380 6 15 126 183 375 699 70
500 bar 380 6 22 109 267 291 689 69
700 bar 380 6 16 110 250 278 654 65
900 bar 380 6 16 126 214 302 658 66
245 bar 380 24 29 73 180 399 681 68
500 bar 380 24 40 78 241 252 611 61
700 bar 380 24 40 87 193 271 591 59
900 bar 380 24 39 87 194 284 604 60
498

499 4. Discussion

500

501 4.1. Effect of pressure on petroleum generation ats® °C

502

503 The reduction in expelled oil yield at 350 °C olvsel under high water pressure (500,
504 700 and 900 bar), compared with the values obtaiunelér lower pressure (180 bar)

505 conditions for both source rocks (Table 2), isrémult of pressure retarding the generation of
506 oil. This occurs due to retardation of the ratditdmen conversion to oil. This resulted in
507 more extractable bitumen being retained in both@uwcks at high water pressures (500-
508 900 bar), such that for 24 h at 350 °C (maximungeiieration at all pressures) for the KCF
509 source rock (Table 2), the 900 bar bitumen yie@@(B1g/g TOC) was more than double the
510 180 bar yield (398 mg/g TOC). In the Monterey sHal 24 h the 900 bar bitumen yield (179

511 mg/g TOC) was 30% more than the 180 bar yield (18/mMOC). The increase in bitumen
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yield observed with an increase in pressure fokKiG€& source rock at 350 °C for 24 h is
consistent with the decreases in residual rock T@in 11.2% at 180 bar to 5.3% at 900

bar) (Table 3), and the recovered residual rockaracontent (from 219 mg/g carbon at 180
bar to 88 mg/g carbon at 900 bar) (Table 7) frora B4 h. These reductions in the carbon
content of the rocks confirm that high water presgurevented pyrobitumen formation by
inhibiting the conversion of bitumen to oil and dasthe KCF source rock at 350 °C for 24

h. This is consistent with previous observationshe Type lls phosphatic Retort Shale at
high pressure (Price and Wenger, 1992). Althouglsure retarded bitumen conversion to
oil in the Monterey shale, the trend in reducedkrcarbon content observed at 900 bar for the
KCF was not apparent for Monterey shale, and caattbibuted to the difference in kerogen

or source rock types.

In addition to the reduction in the oil yield, thas yield also decreased significantly
(with the alkenes most affected) with an increasgressure. The huge reduction in alkene
gases is either due to pressure suppressing algenesation or the hydrogenation of alkenes
to alkanes or a combination of both (Uguna et al520 The trend in gas yield is entirely
consistent with our previous studies conductedbat°® (Carr et al. 2009; Uguna et al.
2012a, 2012b). The retardation of both oil andggaseration at 350 °C for both source rocks
at pressures of 500, 700 and 900 bar is consisfémthe increase in Rock Eval S2 and Hl,
observed at high pressures for the KCF sourcelvetkeen 6 and 12 h and Monterey shale
for 6 and 24 h. The increase in S2 and HI goinigigh water pressure indicates that
petroleum generation from source rock/kerogen wtsded by high water pressures. This
means that hydrocarbon generation potential wase in the rocks pyrolysed at high
pressures, and is consistent with previous styéiese and Wenger, 1992; Uguna et al.

2012a). The slight reduction in bitumen yield alied going to 900 bar at 6 h for the KCF
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shows that the retardation effect of pressure tnr@n generation is not as significant as that
observed for gas and oil generation under highspres. The intermediate bitumen phase is
thought to have a lower density (closer to kerogerd) will occupy a smaller volume (within
the rock) compared to oil and gas; consequentlyrteehanical (pV) work required to
displace the water from the source rock pores ¢ormmodate bitumen is smaller than that
required to accommodate the same mass of oil owdhs the source rock porosity (Uguna
et al. 2012b). This accounts for the relative migifect of pressure on bitumen generation.
Overall the results obtained at 350 °C show thatr#tardation effect of pressure was more

significant for both oil and gas and lesser foutvien generation.

4.2. Effect of pressure on petroleum generation at3® °C

At 380 °C, oil generation and expulsion was retdrdg an increase in pressure for both
source rocks, which resulted in more extractaliienien remaining in the high pressure rocks
between 6 and 24 h. However, the retardation effiegressure was more significant for the
KCF, when the drop in oil yield going to 900 barsampared for both source rocks. At 6 h
(at 500 bar) and 12 h (at 245 bar) the KCF oild/ihs 47% higher, and at 24 h (at 500 bar),
it was 20% higher compared to the same times ab@0(Table 5). While for the Monterey
shale the oil yield was 20% higher at both 6 and¢h 24 500 compared to 900 bar (Table 5).
The lesser retardation effect of pressure on gikgation observed for the Monterey shale is
thought to arise from the more reactive naturdefiMonterey shale kerogens compared to
the KCF, and it is also the higher reactivity of Kegogen that explains why Rock Eval S2
and HI were not affected with increase in pressui@00 bar in the Monterey source rock at
380 °C. While for the KCF, the retardation of géneration and expulsion at 700 and 900 bar

is consistent with the increase in Rock Eval S2tdhdt 380 °C between 12 and 24 h (Table
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6). This means that pressure is retarding petnolgeneration from the source rock/kerogen

by preserving hydrocarbon generative potentiaiigh pressures as observed at 350 °C.

Compared with the 350 °C experiments, the retavdagffect of pressure on gas
generation was less significant at 380 °C for lsattirce rocks. The gas yield was not
affected between 500 and 900 bar, except for thetdfey shale at 6 h that showed a 29%
drop in gas yield at 700 and 900 bar. This is wared to be a combination of two factors
for both source rocks. Firstly, temperature becodmminant over pressure at 380 °C, such
that 900 bar pressure was still not enough to Bogmitly retard gas generation from the
kerogen/source rocks as observed at 350 °C. $hige to the additional 30 °C promoting
the catalytic effect of the clay minerals presestyell as providing sufficient thermal energy
to undertake the (pV work) required against thesguesed water to provide the space to
accommodate the additional volume of gas genef&ad et al. 2013). Secondly, the
retardation of oil generation and expulsion allowecdhe of the bitumen and oil retained in
the rock to crack to gas and gasoline hydrocarbbhgyh pressures. The fact that the KCF
bitumen yield at 900 bar reduced by 148 mg/g wiily @ corresponding increase in oil yield
of 76 mg/g, and no significant increase in gasdygging from 12 to 24 h (Table 4) provide
evidence that the main product from the crackingeaifoleum (bitumen and oil) retained in
the rocks at high pressures might be gasolinesateed retarded from cracking further to gas.
Although 12 h runs were not conducted for the Mm@yeshale, the similar gas yields (Table
4) between 500 and 900 bar to the KCF at 24 h ategcthat the same reaction pathway
giving higher gas yield occurred for both sourceksoat high pressures. As our experimental
design could not allow the recovery of light pettoh fractions, we believe the gasolines

were lost during products recovery and solventaetion of the rocks to recover retained
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petroleum. Hence the lower product recovery olethiat 700 and 900 bar compared to 245

and 500 bar for both source rocks (Tables 7 and 8).

To confirm that some direct cracking of petrolelbitumen and oil) retained in the
rocks at high pressure occurred at 380 °C, theocacbntent of the 700 and 900 bar rock
residues were compared to those of 245 and 500T¥a.carbon content of the KCF residual
rock (Table 7) increased by 87 mg/g (258-345 marg) 93 mg/g (211-304 mg/g) at 245 bar
and 500 bar respectively going from 6 to 24 h, evktile increases were 105 mg/g (205-310
mg/g) and 110 mg/g (202-312 mg/g) at 700 bar a0 respectively from 6 to 24 h. The
recovered residual rock carbon content for the Mgyt shale (Table 8) at 6 and 24 h was
also higher at 700 and 900 bar compared to 500 Hae.lower residual rock carbon contents
under conditions (245 to 500 bar) that producedtbkest oil yields for both source rocks,
suggest that the rate of bitumen conversion taaoil oil expulsion from the source rocks
were faster, hence less pyrobitumen was formed ttivect cracking petroleum within the
rocks. However, at 700 and 900 bar the higheraradontents of the residual rocks produced
from experiments that generate less oil for botlre® rocks suggests that additional
pyrobitumen (compared to 245 and 500 bar) was beimyed by cracking of petroleum
within the rocks as oil generation and expulsi@mirthe source rocks were delayed. The
increase in residual rock carbon content at 38at°T00 and 900 bar shown here is entirely
consistent with the increase in residual coal T®@Eeoved in our previous study on Svalbard
coal pyrolysed at 420 °C for 24 h (Uguna et al.301IThe increase in residual coal TOC for
the Svalbard coal was also thought to be due tditleet cracking of bitumen or oil in the
coals at high pressures. Overall the 380 °C re$oitboth source rocks show that pressure
had a higher retardation effect on oil generatioth @xpulsion, and a lesser effect on gas

generation. The higher retardation effect of pres®n oil generation is due to a combination
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611 of pressure slowing down the rate of bitumen cosiverto oil, and the physical effect of
612 pressurised water restricting expulsion of the geted oil from the rock. While the lesser
613 effect of pressure on gas generation arises frenhigjher temperature used. As such gas
614 generation occurred from some cracking of the dagadil, directly from the kerogen/source
615 rocks and via cracking of petroleum retained inrtieks with clay minerals catalysing the
616 reaction. Due to the lower viscosity of gas theyld easily escape from the rock hence gas
617 generation was not retarded compared to oil thathegng restricted from escaping from the
618 rock due to its higher viscosity.

619

620 4.3. Pressure retardation of oil generation and exgsion as a mechanism for petroleum
621 retention in gas shales, and gas generation in unogentional petroleum system

622

623 The fact that petroleum (bitumen and oil) in thekrathigh temperature (380 °C) is
624 contributing to gas generation at high pressuréligstudy, suggests that in geological

625 basins bitumen or oil trapped in source rocks ¢ maturity will potentially generate more
626 gas than expelled oil due to interaction with tkeedgen and mineral matter adjacent to the
627 source rock pores. The generation of gas at 38hthigh pressures via cracking of

628 bitumen and oil trapped in rock observed is thislgthave also been reported as the source of
629 gas in shale gas systems (Bernard et al. 20122p261ill et al. 2007: Jarvie et al. 2007).
630 However, Lewan (1993) showed that under the lowsuree hydrous pyrolysis, bitumen can
631 escape from the kerogen into the surrounding sawae It has been suggested that the
632 retention of bitumen in unconventional shale gasesyis occurs due to the inability of

633 bitumen to migrate out of low permeability shalerseuocks. In the case of oil, bitumen
634 that could not migrate from low porosity shale rotiks the pores, and consequently

635 prevents oil migration (Bernard et al. 2012a, 2012h)addition to the low permeability of
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shale contributing to the retention of bitumen ikahen cracked to gas, this study indicates
that pressure retardation of oil generation and ksiqquis also a possible mechanism for the
retention of petroleum (bitumen and oil) in Typaiid Ils shale rocks. The trapped bitumen
or oil if preserved into the gas window, then beesra potential source of shale gas at high

maturity.

Having shown that bitumen, oil and gas generatrenretarded in source rocks by
high pressures, the question then arises as tashanwuch gas can occur in gas shales
generated from bitumen or oil cracking. The slgae reservoirs in the USA, such as the
Barnett, Woodford and Marcellus shales, occur ishamne uplifted basins and are generally
overpressured (Jarvie et al. 2007). Overpressugeadlogical basins can arise due to a
number of mechanisms, e.g. disequilibrium compadi@sborne and Swarbrick, 1997). One
of the most commonly considered mechanisms (petnolgeneration and oil to gas cracking)
was discounted by Osborne and Swarbrick (1997) altieet self-limiting effect of pressure in
sealed, i.e. overpressured systems because aegas$ecin pressure could inhibit further
generation or cracking. Petroleum generation ano gas cracking reactions are retard by
high pressures, as confirmed by the results predentthis and previous studies (e.g. Carr et
al. 2009; Landais et al. 1994; Michels et al. 199§una et al. 2012a, 2012b, 2015), and thus
preclude these processes as being major contréoat@mverpressure generation in subsiding
geological basins as suggested by Osborne and 8egkafb997). The subsidence of the
basin prior to inversion will have generated andedbed conventionally reservoir petroleum
from the source rocks, e.g. Barnett Shale, ForttiMBasin, USA (Hill et al. 2007). This
issue could be resolved by the inversion procses# iproducing increased heat flow due to
the tectonic processes responsible for the invergi@. compression in the crust beneath the

inverting basin, also producing higher heat flo®@art and Uguna, 2015). This compression
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generates friction between the moving masses, watchunts for the increased heat flow
during inversion. The reduction in pressure codip¥eh the slight reduction in temperature
during uplift could result in a renewed phase «f ganeration, the gases generated could be
sourced from any remaining potential in the matledgen, and from petroleum (bitumen

and oil) retained in the pores under the high pressdeveloped during subsidence.

4.4. Effect of pressure on source rock thermal matity

The reduction in VR observed for both source ralsigh water pressures between 6
and 24 h at 350 and 380 °C is due to high watesspire retarding source rock maturation by
reducing the rate of aromatisation reactions (C&99). This result is entirely consistent
with our previous studies (Uguna et al. 2012a, P02P13). At 380 °C in contrast to 350 °C,
the increase in VR from 245 to 500 bar observediherMonterey shale (an opposite trend to
the KCF source rock) is the result of the retaaiagéffect of pressure being shifted beyond
500 bar, and is due to the higher reactivity offManterey shale. The higher VR observed
for the Monterey shale under 500 bar pressure tiondiat 380 °C is consistent with the
higher gas and oil yield. The KCF and Montereylslaae Type Il and lls source rocks
respectively, and contain very small amounts obehihonous vitrinite, and so the numbers
of individual vitrinite particles that were availalfor measurement were small. The few
numbers of vitrinite particles measured for eacthefrocks residues mean that the VR
differences between the various samples might p@rded as statistically insignificant.
However, the consistency in the reduction in gasahyields (for both source rocks at 350
and 380 °C) the preservation of S2 and HI for tiigFKat 350 and 380 °C) and Monterey
shale (at 350 °C) together with the observed rediich Rock Evallhaxat 380 °C (for both

source rocks) with pressure increase indicateshieabbserved decrease in VR with increase
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in pressure is correct. Also the fact that theelzse in VR observed with increasing
pressures in this study is consistent with resabitained for coals pyrolysed at 350 °C
(Uguna et al. 2012a) and 380-420 °C (Uguna et@l5®2 In these coal pyrolysis studies 100
VR measurements were obtained from each coal saanplethe VR values decreased with
increasing pressure as in this study, indicatirg wWhile the results in this study are not as
statistically reliable as those obtained in thd stdies, the trends are consistent indicating

that the decrease in VR with increasing pressucen®ct.

5. Conclusions

The results obtained at 350 °C for both the KC# lsllonterey shale Type Il and lIs
source rocks show that gas, expelled oil yields\amihite reflectance were all higher under
180 bar pressure than under high water (500 to @@0pbessures. The bitumen contents
however, increase as the pressure was increasedl80 to 900 bar, which occurs due to
high pressures retarding the conversion of bitumenoil and gas, and the retarded
petroleum generation is also seen in the vitrirefeectance values being lower at higher
pressures. The retardation of petroleum generatisulted in more hydrocarbon potential
remaining in the high pressure rocks. This inadd?ock Eval HI's in the rocks pyrolysed
between 500 and 900 bar for both KCF and Monteoeyce rocks. The retardation of
bitumen cracking to oil prevented pyrobitumen fotimraat high pressures (700 and 900 bar)
for the KCF as shown by the lower TOC contentdefpyrolysed residues obtained from the

700 and 900 bar high pressure experiments at 24 h.

At 380 °C, the data are far more complex than tld$50 °C, due in part to the

different reactivities of the kerogens in the tvoaice rocks, the additional 3C€ enabling
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more endothermic reactions, e.g. oil generatiooctur, but there are also the physical
effects of the pressurised water restricting expualsf oil from the pyrolysed samples. The
effect of increasing the pressure at any tempegatreases the activation energy) (fler
endothermic reactions, due mainly to the pressumeasing the size of the pV term within
the E. Pyrolysis of both KCF and Monterey source rodk389 °C for 24 h, resulted in gas
generation being higher at high pressures (500@b@r) than at 245 bar. The oil yields
increase as the experiment duration increases6@rtonil2 and then to 24 h at the same
pressures. However, unlike the oil yield result8%0 °C, the oil yields show a maximum at
500 bar, while the bitumen yields show minima & 6@r in both the KCF and Monterey
samples pyrolysed for 6 h, while in the resultefrb2 h KCF and 24 h Monterey samples
show increasing bitumen yields occur with increggiressure. The bitumen yields for the
KCF pyrolysed for 24 h show much lower values &,5®0 and 900 bar than at 245 bar,
suggesting that the bitumen in the KCF pyrolysedfriods as long 24 h was converted into
other products, e.g. gas and gasolines. As thaligas were not recovered in the
experimental method, the higher loss of gasolingee samples pyrolysed at 380 °C
probably accounts for the low total carbon reca&in the mass balance calculations (Tables
7 and 8) than those produced in the 350 °C expatsneComparisons between the mass
balance residual rock carbon contents in the K@kpsas pyrolysed between 6 and 24 h at
380 °C show that the difference is 87 mg/g at 2d5amd 110 mg/g at 900 bar, which
probably reflect the increased pyrobitumen formatiothe KCF samples pyrolysed at 900
bar. The mass balance of the residual rock catbatents are similar in the Monterey to
those occurring in the KCF, and are also probaidycators of pyrobitumen formation. The
low total carbon recoveries at 700 and 900 batiferKCF (between 12 and 24 h) and the

Monterey shale (for 6 and 24 h) at 380 °C is cdastswith the formation of gasolines along
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with the formation of pyrobitumen, while for the Merey pyrolysed at 350 °C for 24 h is

consistent with formation of lighter petroleum protiu

The implications from this study are that in ge@dagbasins, pressure, temperature
and time will all exert significant control on tle&tent of the early and main stages of source
rock maturation and petroleum (oil and gas) germratin geological basins temperatures are
much lower, and the pressures (regardless of whetlepressure is present) can be as high
as the 900 bar used in this study, indicating tthatretardation effect of pressure could be
more significant than shown here. In particulae, increase in un-expelled oil and bitumen
being retained in the source rock as bitumen, bagteservation of hydrocarbon potential, as
observed in the highest pressure experimentsalyltk have important implications for the
further generation potential of the source rockihéngas window. More so the cracking of
petroleum (bitumen and oil) retained in the sowoms to gas under high pressures at 380 °C
provides further evidence on how gas may likelgbeerated in shale gas systems. Indeed
this may explain the observation that Type Il seuxacks matured to gas window conditions
form the most prolific shale gas reservoirs, sustha Woodford, Marcellus and Barnett

shales in the USA (Jarvie et al. 2007).

While the effect of pressure retards petroleumegation during the subsidence phase
of the basin, the presence of gas shales in invédsins is potentially the result of a
combination of factors associated with the basieiision. The oil-prone source rocks
generated oils and gases during the subsidente tfetsin, but were not exhausted as regards
hydrocarbon generation potential. Although tempuees are reduced in the inverted basin,
the reduction in temperature was not as much aethection in pressure, due to the elevated

heat flows that must accompany inversion. It eseffect of the reduced pressure that
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probably enabled the gas generation to occur frotanpial still remaining in the kerogens
after the subsidence, and also from petroleum (l@tuend oil) that may have been retained

in the source rock porosity by the high pressutesd the basin subsidence.
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Gas and oil yields from source rocks were retatmethcreasing water pressure.
Rock Eval S2 and HI for source rock were retardddgh compared to low pressure.
VR for source rocks were retarded at high compardodw pressure.

High pressure was observed as a mechanism for éitloih retention in shale rocks.



