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This study investigates the effect of water pressure on hydrocarbon generation and source rock matura-
tion at high maturities for a perhydrous Tertiary Arctic coal, Svalbard. Using a 25 ml Hastalloy vessel, the
coal was pyrolysed under low water pressure (230-300 bar) and high water pressure (500, 700 and
900 bar) conditions between 380 °C and 420 °C for 24 h. At 380 °C and 420 °C, gas yields were not affected
by pressure up to 700 bar, but were reduced slightly at 900 bar. At 380 °C, the expelled oil yield was high-
est at 230 bar, but reduced significantly at 900 bar. At 420 °C cracking of expelled oil to gas was retarded

gz;:l/vords: at 700 and 900 bar. As well as direct cracking of the coal, the main source of gas generation at high
Hydrocarbon generation pressure at both 380 °C and 420 °C is from bitumen trapped in the coal, indicating that this is a key mech-
Maturation anism in high pressure geological basins. Vitrinite reflectance (VR) was reduced by 0.16 %Ro at 380 °C and

Vitrinite reflectance by 0.27 %Ro at 420°C at 900 bar compared to the low pressure runs, indicating that source rock

Hydrous pyrolysis
High water pressure

maturation will be more retarded at higher maturities in high pressure geological basins.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In geological basins hydrocarbon generation is an endothermic
process which involves the conversion of immature kerogen into
gaseous and liquid hydrocarbons, and a residual mature solid ker-
ogen. This conversion results in the product (gas, liquid and resid-
ual kerogen) final volume being greater than the reactant
(immature kerogen) initial volume. Hydrocarbon generation reac-
tions occur under saturated, high water pressure conditions and
according to chemical theory, reactions like hydrocarbon genera-
tion whose products occupy a greater volume than its reactant
should be influenced by pressure. Previous pyrolysis studies on
the role of pressure during hydrocarbon generation and source
rock maturation have been reviewed in detail by Uguna et al.
(2012a), with the findings appearing to be in conflict, due to vari-
ety of pyrolysis methods used. Most high pressure pyrolysis stud-
ies performed under confined conditions using gold bags or gold
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capsules, in which the sample being pyrolysed is either not in con-
tact or in contact with only a limited amount of water, produced
little or no significant pressure effects (e.g. Monthioux et al.,
1985, 1986; Freund et al, 1993; Michels et al.,, 1994; Huang,
1996; Knauss et al., 1997; Shuai et al., 2006; Tao et al., 2010). In
contrast, under high pressure conditions in fixed volume vessels,
in which the pyrolysed sample is in direct contact with water,
pressure has been found to significantly retard both hydrocarbon
generation and source rock maturation (Price and Wenger, 1992;
Landais et al., 1994; Michels et al., 1995; Carr et al., 2009; Uguna
et al.,, 2012a,b; Uguna et al., 2013).

A recent study by Uguna et al. (2012a) conducted on two coals
(an orthohydrous Longannet UK coal and a perhydrous Svalbard
coal) at 350°C for 24 h in the pressure range of 175-900 bar,
showed that high water pressure retarded hydrocarbon (gas and
bitumen) generation and source rock maturation as measured by
vitrinite reflectance (VR). We also recently showed for Kimmeridge
Clay pyrolysis at 350 °C that gas and bitumen generation, and VR
were all retarded at 500 bar, while at 420 °C VR was retarded but
gas and the bitumen plus oil yields were not affected by pressure
at 450 bar when compared to results obtained at lower pressures
(Uguna et al., 2012b). We interpreted these results as the effect


http://crossmark.crossref.org/dialog/?doi=10.1016/j.orggeochem.2014.10.013&domain=pdf
http://dx.doi.org/10.1016/j.orggeochem.2014.10.013
mailto:clement.uguna@nottingham.ac.uk
mailto:uguna@bgs.ac.uk
http://dx.doi.org/10.1016/j.orggeochem.2014.10.013
http://www.sciencedirect.com/science/journal/01466380
http://www.elsevier.com/locate/orggeochem

C.N. Uguna et al./Organic Geochemistry 78 (2015) 44-51 45

of pressure being insufficient when temperatures as high as 420 °C
are used.

To investigate if the retardation effect of water pressure
observed at 350 °C on a coal will be the same at 420 °C, experi-
ments were conducted at 380 °C and 420 °C and pressures up to
900 bar, that is, higher than the 450 bar previously used by
Uguna et al. (2012b) for a Kimmeridge Clay source rock. The sam-
ple studied is the same Svalbard perhydrous coal used by Uguna
et al. (2012a). The results obtained at 380 °C and 420 °C will be
compared with the results obtained from the same coal at 350 °C
(Uguna et al., 2012a) to assess the effects of pressure and temper-
ature on gas generation, oil generation and cracking, and source
rock maturation.

2. Experimental

The sample studied is a perhydrous high volatile bituminous coal
from the Arctic archipelago of Svalbard of Paleocene age (particle
size 2-4 mm), with a total organic carbon content (TOC) of 78.5%,
Hydrogen Index (HI) of 347 mg/g and VR of 0.68 %Ro (Table 1).
The pyrolysis equipment (Fig. 1) comprised a 25 ml Hastalloy cylin-
drical pressure vessel rated to 1400 bar at 420 °C connected to a
pressure gauge and rupture disc rated to 950 bar. The experiments
were conducted using 2.0 g of coal at 380 °C and 420 °C (tempera-
ture accuracy +1 °C) for 24 h under low and high water pressure
conditions. The low pressure experiments at 380 °C (230 bar) and
420 °C (300 bar) were performed by adding 12 ml and 10 ml water
respectively to the vessel, while the high water pressure experi-
ments at both temperatures were conducted at 500, 700 and
900 bar. The experimental procedure used has been described in
detail previously (Uguna et al., 2012a) and summarised below.

The reactor vessel was heated by means of a fluidised sand bath,
controlled by an external temperature controller. Temperature was
also monitored independently by means of a K-Type thermocouple
attached to the outside of the vessel and recorded by computer
every 10 s. The un-extracted coal sample to be pyrolysed was first
weighed and transferred to the vessel, after which the volume of
water needed for the experiment was added. For all experiments
the reaction vessel was flushed with nitrogen gas to replace air
in the reactor head space, after which 2 bar pressure of nitrogen
was pumped into the pressure vessel to produce an inert atmo-
sphere during the pyrolysis runs. The sand bath (connected to a
compressed air source) was pre-heated to the required experimen-
tal temperature and left to equilibrate, after which the pressure
vessel was then lowered into the sand bath by lifting up the sand
bath using the jack (Fig. 1), and the experiment left to run with a
constant air flow through the sand bath. The pressure observed
for the low pressure experiments, 230 bar and 300 bar at 380 °C
and 420 °C, respectively, was generated by the vapour of the water
12 ml (230 bar at 380 °C) and 10 ml (300 bar at 420 °C) added to
the vessel at the start of the experiment.

High liquid water pressure (500, 700 and 900 bar) experiments
were performed similarly to the low (230 bar and 300 bar) pres-
sure hydrous runs, with the vessel initially filled with 20 ml water.
After lowering the pressure vessel into the sand bath, the vessel
was connected to the high water pressure line and allowed to
attain its maximum vapour pressure (in about 30 min), before
the addition of more water to increase the pressure. This procedure

Table 1
Initial Svalbard coal data.

TOC S, S, HI Tmax Mean VR Vitrinite Liptinite Inertinite
(%) (mglg) (mglg) (mglg) (°C) (%Ro) (%) (%) (%)
785 12.0 273 347 440 0.68 92.6 4.0 34

is employed to prevent too much water being added to the vessel
which might lead to the generation of over pressure in excess of
the pressure limit of the system. To apply high liquid water pres-
sure to the system (with the aid of a compressed air driven liquid
pump), the emergency pressure release valve B was first closed,
and valve A opened until a pressure slightly higher than the vapour
pressure of the experiment is displayed on the external pressure
gauge. This was undertaken to avoid the loss of any of contents
of the vessel when the reactor valve C is opened. High liquid water
pressure was then applied to the system by first opening valve C
and immediately gradually opening valve A to add more distilled
water into the reaction vessel. When the required pressure was
attained, valve C was closed to isolate the reactor from the high
water pressure line, and valve A was also closed to prevent more
water going to the pressure line. Valve B was opened to vent the
excess pressure on the line. The experiment was then allowed to
run (leaving valve C tightly closed to avoid losing generated prod-
ucts) for the required time, after which the sand bath was switched
off and left to cool to ambient temperature before product
recovery.

To recover the generated gas, the high water pressure line was
disconnected and a connector attached to valve C. The gas was col-
lected with the aid of a gas tight syringe via the connector by open-
ing valve C and transferred to a gas bag (after the total volume had
been recorded), and immediately analysed on a Clarus 580 gas
chromatograph (GC) fitted with FID and TCD detectors operating
at 200 °C. 100 pl of gas samples were injected (split ratio 10:1) at
250 °C with separation performed on an alumina plot fused silica
30m x 0.32 mm x 10 pm column, with helium as the carrier gas.
The oven temperature was programmed from 60 °C (13 min hold)
to 180 °C (10 min hold) at 10 °C/min. Individual gas yields were
determined quantitatively in relation to methane (injected
separately) as an external gas standard. The total yield of the
hydrocarbon gases generated was calculated using the total vol-
ume of generated gas collected in relation to the aliquot volume
of gas introduced to the GC, using relative response factors of indi-
vidual C,-Cs5 gases to methane predetermined from a standard
mixture of C;-Cs gases. The oil floating on top of the water after
the experiments (collected with a spatula and recovered by wash-
ing the spatula in dichloromethane) together with oil stuck to the
side of the reactor wall (recovered by washing with cold dichloro-
methane) were combined and referred to as expelled oil. The
reacted coals were vacuum dried at 45 °C for 3-4 h, crushed and
Soxhlet extracted using 150ml dichloromethane:methanol
mixture (93:7 v:v) for 48 h to recover the bitumen and any non-
expelled oil retained in the coal, with both being referred to as
bitumen.

Under the supercritical water conditions (380 °C and 420 °C)
used in these experiments water will have the properties of an
organic solvent, as such it is difficult to differentiate oil expulsion
during the experiments and solvent extraction of the pyrolysed
coal after the experiment to obtain the bitumen and non-expelled
oil retained in the coals. In order to differentiate the amounts of oil
expelled during the experiments from the bitumen and non-
expelled oil retained in the coals, the floating oil on top of the
water after the experiments together with those on the side of
the reactor wall was called expelled oil, and the bitumen and
non-expelled oil solvent extracted from the coals called bitumen.

3. Results
3.1. Pyrolysis at 380 °C

The gas yields (mg/g of starting coal) generated at 380 °C are
presented in Table 2 and Fig. 2. The total (C;-Cs) hydrocarbon
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