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ABSTRACT 16 

During progressive burial, low permeability organic-rich shale rocks evolve chemically and physically 17 

as the temperature and stress increase and organic matter matures. The transformation of organic matter 18 

into hydrocarbon, followed by its expulsion into secondary migration pathways along which it is 19 

conveyed into reservoirs rocks, is a coupled process that involves chemical reactions, changes in volume 20 

and stress leading to the nucleation and growth of microfractures, the opening and closing of these 21 

microfractures, and fluid transport through them. Primary migration was studied using an experimental 22 

setup that was designed to measure changes in fluid pressure, which are correlated with organic matter 23 

maturation and hydrocarbon expulsion. The setup consisted of a pressurized autoclave which was 24 

externally heated. Shale samples were confined, under an initially low confining pressure and an applied 25 

differential stress (0.18 MPa), and heated to temperatures of 210-320°C. Changes in temperature, static 26 

pressure (pressure measured using a linear response transducer) and dynamic fluid pressures (measured 27 

using a piezoelectric differential transducer) in the autoclave chamber were monitored and recorded 28 

during each experiment. In the higher part of the temperature range, fluid produced by kerogen 29 
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maturation and the concomitant formation of microfractures increased volumetric expansion of the 30 

shale. Power spectral densities of the fluid pressure signals were calculated and a conceptual model is 31 

proposed to explain the dynamics of fluid expulsions. While a power law distribution of frequencies of 32 

pressure burst amplitudes was identified, the frequencies of time intervals between successive expulsion 33 

events (waiting times) decrease monotonically with increasing waiting time. Co-generation of gas and 34 

liquid hydrocarbon was evidenced. Several samples were imaged after kerogen maturation using X-ray 35 

microtomography, and the data confirm the existence of a percolating network of microfracture that 36 

controls the primary migration of hydrocarbons. 37 

KEYWORDS 38 

shale; primary migration; pressure time series;  X-ray tomography;  microfracture formation; flow in 39 

dynamic fractures 40 

1. INTRODUCTION 41 

Identifying the processes that control the flow of hydrocarbons in tight rocks is important in 42 

understanding primary migration from source rocks into secondary migration pathways and how to 43 

increase the recovery of hydrocarbons from tight rocks formations [1]. Continuous burial of sedimentary 44 

rocks that are rich in organic content results in evolution of these materials and formation of organic 45 

fluids (oil and gas) and highly aromatic insoluble organic solids (matured kerogen and pyro-bitumen). 46 

As the temperature and pressure increase during progressive burial a complex mixture of fluids including 47 

hydrocarbons, carbon dioxide and water is produced. At first, the hydrocarbon produced by thermal 48 

decomposition (catagenesis) of the kerogen consists primarily of oil, but as the temperature and pressure 49 

continue to increase, the average molecular mass of the hydrocarbon produced from the kerogen 50 

decreases and eventually only natural gas is produced. In addition, oil that is retained in the source rock 51 

may be converted into natural gas and high carbon solids [2, 3, 4, 5, 6, 7, 8]. 52 

1.1 Maturation of organic matter in shales 53 

The amount of oil and gas released during kerogen maturation depends on the chemical composition of 54 

kerogen, which depends in turn on the organic matter from which it was formed and the biochemical 55 
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transformation that it underwent at shallow burial depths. Type I kerogen has the highest H/C ratio, it is 56 

formed from lipids and other organic matter (primarily in lacustrine sediments), and it has the highest 57 

oil generation potential. Type II kerogen is sourced primarily from planktonic marine organic matter. 58 

Type III kerogen, which has a lower H/C ratio than type II kerogen, is derived primarily from terrestrial 59 

organic matter, and it produces mainly natural gas. Type IV kerogen has the lowest H/C ratio, and it is 60 

not a significant source of hydrocarbon. Type II kerogen is the most important source of oil and natural 61 

gas. Methane is also produced by microbial activity at shallow burial depths. This is an important source 62 

of natural gas, but little of this gas is retained with the kerogen as it is buried to depths at which oil 63 

production occurs [7]. 64 

1.2 The onset of micro-fracturing and migration of organic matter 65 

Several studies have correlated source rock maturation with petroleum migration, and early work is 66 

discussed in thorough reviews of primary migration [9, 10, 11]. Some investigators have used field 67 

observations to support the idea that microfractures serve as primary migration pathways [12, 13, 14]. 68 

Laboratory experiments also suggested that kerogen transformation leads to the formation of bed parallel 69 

microfractures. Propagation of these microfractures is controlled by the anisotropy of mechanical 70 

properties and the orientation of kerogen patches in the source rock [15, 16]. Lash & Engelder [17] 71 

found microfractures that were filled with material which had chemical characteristics similar to those 72 

of decomposed kerogen. Observations of microfractures filled with calcium sulphate and organic 73 

materials [18] and horizontal microfractures at depths of 3.8-5 km have been reported [13]. Also, further 74 

studies of the conditions and processes that govern the dynamics of microfracture formation pointed 75 

towards a subcritical fracture propagation mechanism, because the transformation of kerogen to 76 

petroleum cannot increase the pressure in microfractures rapidly enough to drive critical fracture 77 

propagation. The rate of fracture propagation is governed by the chemical kinetics of fluid production 78 

during kerogen maturation [19], and while microscopic fracture propagation at high velocities, by a 79 

series of small jumps, has not been ruled out, chemically mediated fracture propagation (stress corrosion 80 

fracturing) appears to be more likely. 81 

When kerogen is converted into oil, natural gas and other fluids, there is a net volume increase of about 82 

10-20% under the prevailing temperature and stress conditions, and the resulting pressure is high enough 83 
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to fracture the source rock and drive sub-critical microfracture propagation [20]. It has been proposed 84 

that microfractures play an important role in primary oil migration by providing pathways for fluid 85 

transport [13,14, 15, 17, 18, 21, 22, 23]. The microfractures formed by kerogen maturation tend to 86 

propagate along the laminations and bedding-parallel surfaces [16]. Based on linear elastic fracture 87 

mechanics theory, a mode I (opening mode) fracture propagates normal to the direction of the minimum 88 

principal stress, provided that the medium is isotropic [15]. At depth greater than 1 km, the largest 89 

principal compressive stress is usually the vertical lithostatic stress, and the least principal compressive 90 

stress lies more-or-less in the horizontal plane [24, 25]. Since rocks are very weak materials under tensile 91 

stress, hydraulic fracturing is expected to occur preferentially along a vertical plane oriented 92 

perpendicular to the direction of the least principal compressive stress, and this is taken advantage of in 93 

high volume hydraulic fracturing to increase oil and gas production. However, on very small scales, 94 

strength effects become much more important and the local stress and pressure may deviate substantially 95 

from the large scale far field stress. Localized fluid production processes, such as the maturation of 96 

kerogen patches, changes the local stress state resulting in effective minimum principal stress that is 97 

perpendicular to the plane of lamination [26, 27, 28]. Because the kerogen concentration is higher in 98 

some laminae than others [17] and because of the high degree of structural and mechanical anisotropy 99 

that arises because of this lamination, orientation of anisometric particles such as stacked clay platelet 100 

aggregates during sedimentation and the increase in orientation that occurs during compaction, the 101 

strength and fracture toughness of many shales are much smaller for fractures parallel to the bedding 102 

plane than perpendicular to it [11, 15, 17]. 103 

1.3 Propagation of microfractures and primary migration 104 

Propagating microfractures may coalesce, and when they reach pre-existing vertical fractures, that are 105 

open, partially healed or healed but weak, a three-dimensional fluid conductive fracture network that 106 

facilitates hydrocarbon primary migration may be formed. Because coalescence with pre-existing open 107 

or weak vertical fractures changes the stress field at the fracture tip, and the fluid pressure often 108 

decreases, propagation of the part of the horizontal fracture that reaches the pre-existing vertical fracture 109 

may cease [19]. A hydraulic fracture may propagate around a pre-existing fracture, and the parts of the 110 

fracture front that propagate around the pre-existing fracture may re-join behind it giving the false 111 
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impression that the hydraulic fracture propagated through the pre-existing fracture. Microfractures 112 

formed by fluid production (natural micro-scale hydraulic fractures) may be expected to close when the 113 

fluid in them escapes to connected microfractures or pores more rapidly than the rate of fluid production 114 

within them. Even if microfractures become completely non-conductive because they become filled 115 

with minerals and/or bitumen, because of pressure solution creep or for other reasons, they may remain 116 

mechanically weak and, as demonstrated in analog experimental systems, they may become re-opened 117 

as fluid production continues once enough fluid has penetrated into them and the pressure of the fluid 118 

becomes high enough to drive fracturing [29]. 119 

1.4 Experiments of primary migration 120 

In the present study, we designed a system that enables very small hydrocarbon release events to be 121 

tracked during the maturation of immature Green River shale (a marlstone rich in type I kerogen) 122 

samples, by using pressure sensors with a time resolution in the order of 0.01-1 milliseconds. The main 123 

goal was to experimentally characterize the fluid expulsion events, some of which are attributed to the 124 

appearance of microfractures at different heating temperatures. We determined whether weaker fluid 125 

expulsion events occurred at lower temperatures and whether these expulsions grew in size or in number 126 

as the temperature was raised. A persistent behavior in the fluid expulsion events that occurred at a 127 

constant elevated temperature was observed, and a conceptual model is proposed. We determined how 128 

much gas on average was released during the process. Preliminary analysis of the fluid expulsion data 129 

indicated that power law relationships might exist between several variables, and this was eventually 130 

verified for one of them (the probability distribution of burst amplitudes, where a burst consists of a set 131 

of pressure pulses closely spaced in time). We address how confinement affects the rock fracturing 132 

behavior. A series of specifically-designed experimental studies of fluid expulsion and development of 133 

microfracture networks and their contributions to the flow of hydrocarbons in the primary migration 134 

process are discussed.  135 
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2. MATERIALS AND METHODS 136 

2.1 Sample preparation and sample holder 137 

Cylindrical core samples, 25 mm or 28 mm in diameter and with aspect ratios (length/diameter) of 0.6 138 

and 1 respectively, were drilled from a Green River Shale block. This rock is an immature marlstone, 139 

which contains type I kerogen [30]. Previous experiments have shown that kerogen maturation at 140 

atmospheric pressures occurs in this organic rich rock on time scales that are convenient for laboratory 141 

experiments (1 – 10 days) at temperatures in the 300-350°C range [16]. The sample dimensions and 142 

experimental conditions that were used for system calibrations and kerogen maturation experiments are 143 

provided in Table 1. The smaller diameter samples were placed inside a sample holder (Figure 1), which 144 

has the same dimensions as the inner space of the autoclave. The larger samples, which are of the same 145 

diameter and height as the inner space of the autoclave chamber, were placed directly inside the 146 

autoclave. The steel sample holder was custom-made to provide passive confinement of the Green River 147 

Shale cylinders. As the temperature was increased, the difference between the thermal expansion of the 148 

shale sample, which initially fits tightly inside the holder, and the smaller expansion of holder itself, 149 

generated a passive confining stress. Based on the thermal expansion coefficient of Green River Shale 150 

(55×10-6/°C in the vertical direction, perpendicular to the bedding plane, and 25×10-6/°C in the 151 

horizontal direction, parallel to bedding [16]), the directional average of its slightly anisotropic Young’s 152 

modulus 25.0 GPa (about 26 GPa parallel to the bedding plane and about 23 GPa perpendicular to the 153 

bedding plane) [31]), and the thermal expansion coefficient of the stainless steel -AISI 302- that the 154 

sample holder was fabricated from (18×10-6/°C) and its isotropic Young’s modulus (180 GPa) , we 155 

estimated that the maximum confining stress in the direction parallel to the lamination plane was on the 156 

order of 100 MPa. However, this estimate does not take into account the thermal decomposition of the 157 

kerogen and temperature sensitive inorganic minerals, the production of fluids during these 158 

thermochemical processes or the loss of fluids from the sample holder in the higher parts of the 159 

temperature ranges used in the experiments. Twelve holes were drilled into the steel holder as conduits 160 

for the fluids released during the experiments. Wave springs with a spring force of 108 N maintained a 161 

minimum axial compressive stress on the order of 0.18 MPa on the 28 mm diameter samples and the 162 

sample holder bolt maintained a minimum axial load of 2 MPa (clamping force) on the 25 mm diameter 163 
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samples providing that the shale sample does not contract too much from conversion of immature 164 

kerogen into denser high carbon material and fluids that are allowed to escape. To avoid deformation of 165 

the springs during the experiments, they were annealed at 500°C. After annealing, the springs held their 166 

shapes much better at high temperatures, and the minimum axial load can be considered to remain more-167 

or-less constant during the experiments. 168 

2.2 Experimental setup 169 

The samples and the holders were placed inside an autoclave (Premex™ reactor), which had three 170 

inlet/outlet ports (Figure 1). Two kinds of pressure measurement setups were used. In the first setup, 171 

one port was connected to an analogue pressure gauge and another to a digital static pressure transducer 172 

(Gems™ 3500-psi pressure transducer) that was connected to a data acquisition device (micro controller 173 

National Instruments CompactRio™ platform). The static pressure data and temperature were recorded 174 

at 1 Hz. The third port was connected to a nitrogen or carbon dioxide gas cylinder to apply a fluid 175 

pressure in the system. In the second setup, the port, which was used to pressurize the setup at the 176 

beginning of each experiment, was connected to a precise differential pressure sensor (Kistler Model 177 

7031 quartz piezoelectric pressure sensor), and the remaining outlet port was used to pressurize the 178 

system at the beginning of each experiment, and then record the static pressure during the experiment. 179 

This differential piezoelectric pressure sensor recorded quasi-static pressure variations up to 25 MPa 180 

[32] with a sensitivity down to  0.354 kPa, while its built-in accelerometer compensated dynamic 181 

interference signals produced by shocks or vibrations, such as acoustic emissions generated by fracturing 182 

within the Green River Shale sample (or any form of outside interference). This sensor was connected 183 

to a single channel laboratory charge amplifier (Kistler’s 5018a) for signal conditioning and 184 

amplification of the piezoelectric pressure sensor and conversion to a proportional low-impedance 185 

voltage signal. This charge amplifier was connected to a data acquisition device (micro controller 186 

National Instruments CompactRio™) (Figure 1). The data acquisition frequency for some experiments 187 

was 500Hz which was later reduced to 20 Hz, by averaging over intervals of 0.05 s (25 data points), or 188 

to 1 Hz for other experiments conducted later by sampling over intervals of 1 s. The experiments lasted 189 

between 2 and 12 days, during which time hydrocarbon gases and liquids were produced by maturation 190 

of the kerogen. In each experiment, a monotonic increase in pressure due to gas production was recorded 191 
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by the static pressure transducer, while the differential pressure transducer recorded pressure pulses 192 

caused by small rapid gas release events. Elevated temperatures reduce the internal resistance and 193 

sensitivity of the piezoelectric transducer so it was placed at the end of a line instead of close to the 194 

sample. The differential pressure transducer recorded pressure pulses related to short term gas release 195 

events, whereas the static pressure transducer recorded the long term pressure increase due to gas 196 

production (the contributions of both continuous gas release and pulses). 197 

Several test experiments were conducted to select the charge amplifier control parameters. The discharge 198 

time was set at 42 seconds based on the build-up rate of the largest peak. A range (maximum pressure 199 

fluctuation registration) of 354 kPa and a sensitivity charge of 61.24 pC/bar, which makes each volt 200 

registered equivalent to 35.4 kPa were chosen. Consequently, the voltage signal has the same frequency 201 

content and phase as the differential pressure, though it has different amplitudes. 202 

For both setups, the system was pressurized and calibrated to establish sample-free temperature and 203 

pressure base-lines prior to conducting the experiments with samples and insulated to reduce 204 

fluctuations in the autoclave temperature caused by cycling of the heater. Before each experiment, the 205 

equipment was tested to ensure that there were no leaks large enough to affect the experiment. Because 206 

there was significant heat loss from the space between the heater and the autoclave, the temperature 207 

inside the autoclave chamber was lower than the temperature of the heater. A Thermo Scientific Multi-208 

Blok™ heater (see Figure 1) thermostat activated the heating mechanism when the heater's temperature 209 

dropped by 1⁰C. However, the temperature fluctuations in the autoclave chamber were several degrees 210 

higher and this resulted in pressure fluctuations on the order of 1%. To reduce this fluctuation and also 211 

the heat loss, the space between the heater and the autoclave was filled with silica powder and covered 212 

by layers of glass wool for experiments 1-8 and filled with glass beads for experiments 9-13. Silica 213 

powder has a substantially lower thermal conductivity than the body of the autoclave and helps to retain 214 

the temperature of the autoclave better when the heater switches off. 215 

2.3 Kerogen maturation experiments 216 

A total of thirteen independent experiments were carried out with different objectives (see Table 1): 1) 217 

In the first experiment, the release of hydrocarbon during maturation of a 28 mm diameter shale sample 218 

was studied at a temperature of 350⁰C and an initial differential stress of 175 kPa, imposed by a wave 219 
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spring. Because of the large thermal expansion coefficient of the Green River Shale relative to that of 220 

the steel sample holder, the axial stress may have increased substantially - to values on the order of 100 221 

MPa as the sample is heated. However, thermal decomposition of kerogen and temperature sensitive 222 

inorganic minerals, desorption of strongly sorbed water and escape of at least part of the fluids generated 223 

by thermal decomposition at 350⁰C make it impossible to estimate the confining stress during the later 224 

stages of the experiment. 2) In the second experiment, conducted without a Green River Shale sample, 225 

the temperature was controlled at 350⁰C and the system fluid pressure was allowed to increase to 226 

characterize the fluctuations in temperature and pressure when the heater activated and deactivated. 3) 227 

The third experiment was conducted at a constant temperature of 350⁰C with a 25 mm sample inside 228 

the sample holder and an initial differential stress of 2 MPa (clamping force of the sample holder bolt). 229 

4) The fourth experiment was conducted on a large sample (28 mm diameter) at a temperature of 350⁰C 230 

and initial differential longitudinal (axial) stress of 175 kPa to study fracture network generation. The 231 

pressure variation in the experiments 1-4 was monitored with a linear response membrane pressure 232 

sensor. 5) Experiment 5 was conducted at a temperature of 252⁰C and an initial differential stress of 2 233 

MPa, and the differential piezo-electric pressure transducer was used to better detect small pressure 234 

variations related to hydrocarbon expulsion events (which are likely related to formation of 235 

microfractures). 6) Experiment 6 was conducted at a temperature of about 300⁰C and an initial 236 

differential stress of 175 kPa to investigate larger fluid expulsion events and induced micro-fracturing. 237 

7) In experiment 7 conducted at an initial differential stress of 2 MPa, the temperature was increased in 238 

six steps over the course of the experiment, from room temperature to 211⁰C and then to 237⁰C, 255⁰C, 239 

271⁰C, 301⁰C and finally to 319⁰C. 8) Experiment 8 was conducted with an initial differential stress of 240 

2 MPa during three stages: at a temperature of 252⁰C, then at room temperature (28⁰C) and finally back 241 

to a temperature of 252⁰C. During the middle stage at 28⁰C the effectiveness of the acoustic emission 242 

cancelation mechanism of the piezoelectric sensor was investigated and a base-line signal was 243 

determined. Although the piezoelectric sensor used for differential pressure measurements had an 244 

internal mechanism for cancelation of shocks or vibrations generated by acoustic pressure waves (also 245 

known as sound pressure and acoustic emission), the effectiveness of the mechanism over a broad range 246 

of frequencies was uncertain. This uncertainty in the sensitivity of the sensor to acoustic emissions was 247 
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addressed by pre-experimental dry-run tests. In experiment 8 the sample inside a holder was covered 248 

with silica powder to suppress any acoustic emissions (through the solids or the gas). 249 

9-11) Experiments 9 through 11 were similar to experiment 5, but conducted at higher temperatures. 12) 250 

Experiment 12 tested the repeatability of the results, and it was conducted under exactly the same 251 

conditions as experiment 11. 13) Experiment 13 was an experiment with no confinement. In experiments 252 

9 through 13, the data capture frequency of the differential pressure transducer was reduced to 1 Hz 253 

from 500 Hz (Table 1). Except for experiments 7 and 8, the temperature was increased rapidly, and then 254 

maintained at an essentially constant value for the duration of the experiment.  255 

The raw data of experiment 5 are shown in Figures 2 and 3. The temperature was nearly constant at 256 

around 252°C, with small fluctuations of  1°C, caused by the switching on and off of the heater (Figure 257 

3a). During the experiment, the fluid pressure inside the autoclave increased with time due to 258 

hydrocarbon production (Figure 3b). The evolution of the P/T ratio over time in experiment 5 (Figure 259 

2a), shows jumps due to cycling of the heating system and a linear trend that corresponds to increased 260 

pressure due to hydrocarbon production and release from the Green River Shale sample. The differential 261 

pressure sensor (Figure 3c) detects individual pressure pulses. Because the natural discharge of the 262 

piezoelectric sensor in the differential pressure sensor results in a decrease in voltage whenever there is 263 

a pressure pulse, there is a positive change in the slope of the voltage signal. As multiple pulses can 264 

contribute to the shape of the voltage peaks, the entire time interval during which the voltage remains 265 

above the noise threshold (the maximum amplitude of the baseline experiments) is considered to be a 266 

single pressure burst (a set of pressure pulses closely spaced in time) irrespective of how the voltage 267 

varies during this interval. Figure 4a shows the measured temperature during an experiment that was 268 

designed to increase the temperature in steps and figure 4b shows the measured temperature in 269 

experiments that were designed to maintain constant temperatures after an initial rapid heating stages. 270 

All of these experiments lasted for several days, and Figures 4a and 4b show that while the temperature 271 

deviated from the planned temperatures during these experiments, the deviation was almost always  272 

3⁰C except for experiment 13 for which the measure temperature was systematically about 5⁰C higher 273 

than the planned temperature. 274 
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We determined which frequencies were the most dominant in the time series of the differential pressure, 275 

by calculating the Fourier power spectra. Figure 5 shows the results of these analyses on bi-logarithmic 276 

scales for a reference experiment in which no heating was applied (Figure 5a) and experiment 7 for 277 

which six consecutive temperature increases were applied (Figure 5b). The peak at a frequency of 2x10-278 

2 Hz, corresponding to a period of 50 s, is close to the relaxation time of 42 s chosen for the differential 279 

pressure sensor. Consequently, frequencies higher than this value are disregarded. For frequencies 280 

smaller than the peak frequency, there is uncertainty concerning the existence of characteristic peaks in 281 

Fourier power spectra that would show a periodic behavior in the experiments. 282 

2.4. Data pre-processing 283 

The data were pre-processed to ensure that pressure and temperature signals have the same time origin 284 

and determine which part of each signal is related to a physical process in the sample and which part is 285 

related to the electronics noise and experimental drift caused by pressure leaks if any, and other 286 

processes. To ensure that there is good conformity and time synchronization between the static and 287 

differential pressure signals, we compared specific pressure pulses of experiment 5. The correlations in 288 

time between the pressure pulses and the discrete rises in static pressures are shown in Figure 6. The 289 

static pressure signals were first detrended and normalized by subtracting their respective moving 290 

averages for comparison with the differential pressure pulses. Because the two pressure transducers 291 

signals were recorded on different acquisition systems, sometimes they were not synchronized and time 292 

synchronization of both signals was necessary before processing the data. This was done by calculating 293 

the cross-correlation between these two signals and correcting them by using the time delay (phase 294 

shifts) obtained from the cross-correlation. 295 

For the differential sensor data, only pressure fluctuations that exceeded a noise threshold were 296 

considered (Figure 6d). The noise level was determined by: a) operating the system in isolation when it 297 

was not connected to the setup, b) by means of one sample-free experiment, and c) when there was a 298 

sample but no heating. The noise level was not sensitive to the temperature imposed during the 299 

experiments. 300 

After applying the noise threshold, the signal consisted of a time series of pressure pulses during which 301 

the pressure remained above the noise threshold separated by time intervals during which the pressure 302 
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remained below the same noise threshold. The amplitudes of the pressure bursts and inter-event time 303 

intervals were then extracted for statistical analyses. Unlike the digital static pressure transducer, the 304 

differential pressure transducer can record individual (or multiple) hydrocarbon release events separated 305 

in time by more than the reciprocal of its curtailed data-capture frequency (0.02 s-1). 306 

3. RESULTS 307 

The experimental results enabled relationships between heating temperatures and kerogen 308 

decomposition coupled to fluid expulsion and/or micro-fracturing to be established. 309 

3.1 Liquid hydrocarbon release and fracture network development 310 

At the end of experiment 1, in which a Green River Shale specimen was held at a temperature of 350 ⁰C 311 

for two days, a hydrocarbon layer with an average thickness of 3 mm, which was solid at room 312 

temperature, coated the outer part of the sample, and this provided evidence for liquid hydrocarbon 313 

release (Figure 7a). Also, at the end of experiment 3, which lasted longer than experiment 1, deposition 314 

of darkly colored hydrocarbon on the outer wall of the sample holder and the inner wall of the autoclave 315 

vessel indicated more copious hydrocarbon production (Figure 7b). After experiment 4 was run for six 316 

days, some horizontal (parallel to laminations), deviated and vertical fractures of various sizes could be 317 

seen on the surface of the sample (Figure 7c). The microfracture pattern was similar to that observed by 318 

X-ray tomography (Figure 7d-f). The corresponding pressure time series included two major events 319 

resulting in a lasting increase and decrease in pressure, as well as multiple pulses. 320 

3.2 Pressure variations during shale maturation 321 

Experiments 1-4 provided information about the cumulative effect of many hydrocarbon expulsion 322 

events associated with the production of hydrocarbon (Figure 7a-b). Because the digital static pressure 323 

transducer used in these experiments was not sensitive enough, and it had an insufficiently short 324 

response time, little information concerning the dynamics of individual fluid expulsion events was 325 

obtained. In experiments 5 to 13, the differential pressure transducer was used in addition to the digital 326 

pressure transducer. When the pressures recorded by the digital pressure transducer and the differential 327 

pressure transducer are compared (Figure 3), it can be seen that some large fluid expulsion events are 328 

recorded as steps in the static pressure. Experiments 9 to 12 differ only from experiment 5 in having 329 
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been conducted at higher temperatures. During experiments 9-12 there were fewer peaks in the 330 

differential pressure signal and a lower total static pressure after the temperature at which the 331 

experiments were conducted was decreased. Comparing experiment 13 with no confining stress 332 

conducted at 305 ⁰C and experiment 10 conducted at 292 ⁰C with confinement, both of which were run 333 

for 4 days, the static pressure during experiment 13 rose by 1.6 MPa while the static pressure during 334 

experiment 10 rose by about 1 MPa. Since the maturation of kerogen and the cracking of high molecular 335 

mass hydrocarbons are volume increasing processes, an increase in compressive stress is expected to 336 

suppress these processes and reduce the volume of gas produced. However, pressures that occur at 337 

depths less than 10 km (less than 250 MPa) are believed to play a secondary role relative to temperature 338 

[6].  339 

After achieving temperature stability in the system during experiment 5 (Figure 3a), the pressure 340 

continued to increase although at a far smaller rate (Figure 3b). Figure 3c shows the data recorded by 341 

the differential pressure transducer after the temperature reached 250⁰C (after about 6000 seconds) and 342 

an essentially constant temperature of 250-253⁰C was maintained until the pressure pulses ceased after 343 

about 1.55×105 seconds. A similar pattern was observed in experiment 7 for the six different autoclave 344 

temperature steps: 211 ⁰C, 237 ⁰C, 255 ⁰C, 271 ⁰C, 301 ⁰C and 319 ⁰C (Figure 4a). Experiment 7, in 345 

which pressure pulses appeared continuously as the temperature was increased in five consecutive steps, 346 

demonstrates that kerogen maturation was not complete during this experiment. 347 

Figure 8 shows the probability distribution functions (PDF),complementary cumulative distribution 348 

function (CCDF) and cumulative distribution functions (CDF) of the pressure burst waiting times, t, 349 

(the time intervals between successive pressure bursts with amplitudes greater than the noise threshold) 350 

for experiments 5, and 9 to 13. The data displayed in Figure 8 indicate that the frequency of waiting 351 

times decreases monotonically with increasing waiting time. In some cases there is weak evidence for a 352 

power law distribution of waiting times using the linear regression method, and in other cases the data 353 

suggests that there might even be two power law regimes. However, the range of apparent power law 354 

scaling is small (less than a range of two decades in the waiting times), and on a log-log scale, the data 355 

can also be represented by a curve with a slope that changes continuously as the waiting time changes. 356 

The evidence for a power law distribution of waiting times is strongest for short waiting times, and the 357 
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effective power law exponents vary from -1.5 to -3. It is not clear why the effective exponents vary so 358 

much from one experiment to another, and this casts doubt on the existence of a fundamental cause of 359 

the apparent power law distribution of waiting times in some of the experiments. Application of the 360 

goodness-of-fit method [33] further confirms this conclusion because the p-values, which quantifies the 361 

plausibility of the power law hypothesis, is greater than 0.1 over only a very limited range of data (<one 362 

decade). If the p-value is less than 0.1, a power law is considered to be inconsistent with the data [33]. 363 

In Figure 9a and 9b linear fits to the complementary cumulative distribution (tail distribution) of the 364 

burst amplitudes (amplitude of the pulse that has the highest amplitude of all the pulses in the burst) for 365 

all the bursts with amplitudes above the noise floor are shown on a log-log scale for several experiments: 366 

i) experiment 8, during which the shale was heated at six successively increasing temperatures over a 367 

period of two days (12 days in total), ii) experiments 9 through 13 which were conducted at different 368 

temperatures ranging from 275 ⁰C  to 310 ⁰C. The pressure burst amplitudes were normalized by 369 

dividing them by the noise threshold. Figure 9 suggests that for the larger burst amplitudes the 370 

distribution of burst amplitudes can be represented by a power law. For experiment 7, the distribution 371 

of burst amplitudes can be represented by a straight line on a log-log scale with a slope of -3.5±0.3 at 372 

211⁰C for a total of 9×104 bursts. This slope increases to -2.6±0.1 at 319 ⁰C for 1.2×105 bursts (Figure 373 

9a, Table 2). The fitting was performed using a goodness-of-fit method [33], which allows the slope of 374 

a power law on a log-log scale (the exponent), the error of this slope, and the range of bursts sizes over 375 

which the power law fit is reliable to be determined (Figure 9 and Table S2). In experiment 7, in which 376 

the temperature was increased in steps (Figure 4a) the rate of pressure increase, measured by the digital 377 

static pressure transducer, was the smallest at the lowest temperature of 211⁰C and the highest at the 378 

highest temperature of 319 ⁰C. However, during kerogen maturation at the four intermediate 379 

temperatures, the rate of pressure increase did not depend significantly on the temperature. 380 

In experiment 5, the rock sample had a volume 𝑉𝑟𝑜𝑐𝑘 = 7.4 × 10−6 m3 and the autoclave chamber a 381 

volume of 𝑉𝑎𝑢𝑡 = 25 × 10−6 m3, the increase in static pressure was primarily a consequence of 382 

expulsion of gas from the shale sample into the space between the sample and the inner wall of the 383 

autoclave chamber. However, changes in the volume of the sample, including the fluids trapped within 384 

it may have a small effect. Disregarding the part of the signal during which the temperature was 385 
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increased, Figure 2 shows that the pressure/temperature ratio, P/T, increases linearly with time with a 386 

slope of α = 2.8×10-3 Pa/(K×s) and a y-axis-intercept of 29 kPa/K. This is interpreted as an essentially 387 

constant rate of fluid production and expulsion during the early stage of catagenesis.  For an ideal gas, 388 

the pressure/temperature ratio is given by 389 

𝑃(𝑡)

𝑇(𝑡)
=

𝑛(𝑡)𝑅

𝑉
, (1) 

where P(t) is the pressure at time t (Pa), T(t) is the absolute temperature at time t (°K), 𝑛(𝑡) is the number 390 

of moles of gas at time t, R is the gas constant (8.31 𝐽 /(𝐾 ×  𝑚𝑜𝑙) and V is the volume of the gas (m3). 391 

Disregarding the volume of the sample holder walls, nitrogen-filled volume of the lines to the pressure 392 

gauges, the volume of gas inlet valve, the volume within the pressure gauges, volume between the 393 

sample and the autoclave chamber and the pore volume within the shale,  394 

  (𝑃(𝑡) 𝑇(𝑡))⁄  𝑡⁄ =
( 𝑛(𝑡)  𝑡)⁄ 𝑅

𝑉𝑎𝑢𝑡 − 𝑉𝑟𝑜𝑐𝑘
= 𝛼, (2) 

where 𝑉𝑎𝑢𝑡 is the autoclave volume and 𝑉𝑟𝑜𝑐𝑘 is the rock volume. Assuming no reduction in pressure 395 

due to condensation and using the observed time dependence of P/T (α = 2.8×10-3 Pa/(K×s)) it follows 396 

that 397 

  𝑛(𝑡)

 𝑡
=

𝛼(𝑉𝑎𝑢𝑡 − 𝑉𝑟𝑜𝑐𝑘)

𝑅
= 5.9 ×  10−9

mole

𝑠
 (3) 

Integrating over the 6.5 × 105s duration of experiment 5, the catagenesis produced 3.8 × 10−3 mole of 398 

gas from the sample. The amounts of gas released during experiments 9 through 13 were similar to the 399 

amount released during experiment 5, but the rate of gas release prior to temperature stabilization was 400 

higher because instead of silica powder and glass wool, glass beads (a poorer insulator) was used to 401 

insulate the sample and thus suppress temperature fluctuations and therefore the amount of gas released 402 

after temperature stabilization was lower. However, as expected, the gas release rates were higher for 403 

higher heating temperatures (Table 1). The formation of hydrocarbon coatings on the sample holder 404 

(left) and inner wall of the vessel, which was solid at room temperature, suggests that thermal cracking 405 

of higher molecular mass hydrocarbons probably occurred after fluid had been expelled from the Green 406 

River Shale and that part of the pressure increase may result from gas formed during this cracking 407 

process. This would contribute to the continuous production of gas, but not to the pressure pulses. 408 
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3.3 Time correlations in pressure 409 

The thresholded differential pressure signal time series was analyzed to determine if there was any 410 

persistent behavior. First a linear trend in the signal was removed and then the contribution of the 411 

pressure pulses to the cumulative pressure increase was calculated from the running sum of the peak 412 

areas. A rescaled range (R/S) analysis was then conducted by calculating the ratio R/S, where R is the 413 

range of the cumulative de-trended pressure and S is the standard deviation of the cumulative de-trended 414 

pressure relative to its average, both measured over the same time window t and averaged over all 415 

possible time windows within the time series [3435]. If the cumulative time series is a self-affine fractal, 416 

then R/S (t) ≈ tH, where H is the Hurst exponent. If 0.5 <H  1, the cumulative de-trended signal is 417 

persistent and if 0  H < 0.5, it is anti-persistent. 418 

In the context of this work, persistence implies that large pulses are more likely to be followed by large 419 

pulses than by small ones and that small pulses are more likely to be followed by small ones, and the 420 

pulse size correlation is long-ranged in time.  This may indicate that relatively large volumes of gas 421 

accumulate inside the Green River Shale samples (in large inflated fractures and/or fracture networks) 422 

followed by the expulsion of all or part of the accumulated fluid controlled by the opening and closing 423 

of fractures. Persistent behavior was observed in the detrended (and normalized) static pressure signal 424 

and discrete pulses (Figure 6d). Figure 10 shows plots of log10 (R/S) versus log10 t and Hurst exponent 425 

values for the differential pressure signals of experiments 5 and 7. The R/S statistics were calculated 426 

using the method of Di Matteo [36]. The Hurst exponents obtained from the R/S analyses of the pressure 427 

time-series are significantly larger than 0.5, indicating that there is quite strong pressure pulse size 428 

persistence. To unravel the contributions of pressure pulse sizes and the time intervals to the persistence, 429 

R/S analysis was also conducted on the detrended P(t) signal, where P(t) is the accumulated pressure at 430 

time t and on N(t), where N(t) is the number of pulses that have occurred up to time t. This exercise also 431 

resulted in Hurst exponent values around 0.9 for the experiment 5 and six stages of experiment 7. All 432 

these exponent values are larger than the value of 0.5 measured in the absence of a sample in the 433 

autoclave and indicate that i) time correlations exist in the system and ii) a persistent behavior occurs 434 

during gas expulsion. 435 
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To conclude, the results show that during heating of immature shales, some hydrocarbon was produced 436 

and released in the autoclave. For all experiments, the gas pressure in the autoclave increased with 437 

increasing time when the temperature was high enough to drive hydrocarbon production. The differential 438 

pressure sensor enabled the dynamics of fluid production to be monitored in detail. These pressure pulses 439 

were intermittent, showed power law relationship in their size, the frequency of waiting times between 440 

them decreased monotonically with increasing waiting time and displayed a persistent behavior. Based 441 

on these data, a conceptual model for various stages of fluid expulsion is proposed below. 442 

4. DISCUSSION 443 

4.1 Microfractures in shales 444 

During primary migration, microfracture formation is driven by the production of fluids (primarily 445 

hydrocarbons). These fractures and the connected fracture network formed from them plus the pore 446 

space act as pathways for fluid transport within the source rock and expulsion of fluid from it. Provided 447 

that the medium is isotropic, the fracture propagates normal to the direction of the minimal principal 448 

stress [15, 28]. At depths greater than about 1 km, the largest principal compressive stress is usually the 449 

lithostatic stress, in the vertical direction, and the direction of the smallest principal compressive stress 450 

lies more-or-less within the horizontal plane so that opening mode hydraulic fractures driven by fluid 451 

injection for geotechnical applications or natural fluid production are expected to grow preferentially 452 

along parallel vertically oriented planes. However, real rocks are heterogeneous on all scales, and 453 

deviation of the local stress from the large scale average stress (the far field stress) increases as the scale 454 

decreases. The transformation of kerogen into fluids and more mature kerogen (ultimately carbon) can 455 

change the local stress field, and the minimum principal stress becomes mostly lamination surface 456 

perpendicular. In situ X-ray tomography experiments have demonstrated that many fractures can 457 

nucleate and grow along lamination planes, which are usually more-or-less horizontally oriented in the 458 

subsurface and in experiments [16, 37, 38, 39, 40]. However, some substantially deviated and sub-459 

vertical fractures were also formed (Figure 7d-f). Given the orientation of the flake-like kerogen patches 460 

and the strongly anisotropic shale fabric, it is very likely that horizontal fractures were the first to form 461 

as fluids were produced from the kerogen, and that they dominate during all stages of the shale pyrolysis. 462 
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During pyrolysis experiments, fractures may become sealed by solid bitumen and/or char, and in the 463 

subsurface at lower temperatures and on much longer time scales open cracks may become sealed in 464 

part or completely by both solid bitumen and inorganic minerals such as carbonates and sulphates and 465 

other mineral deposits as hydrocarbon fluids are being produced [16,17, 18, 37, 41, 42]. Although it has 466 

been proposed that vertical fracturing driven by the generation of hydrocarbon fluids from kerogen 467 

hydrocarbon generation is uncommon [20], strongly deviated and sub-vertical fracturing may occur 468 

because of the complex stress fields that occur during differential compaction and natural hydraulic 469 

fracturing, which may occur during the early stages of burial and diagenesis or during catagenesis. 470 

Kalani et al. [14] observed the presence of vertical microfractures in back shales from the Norwegian 471 

Continental Shelf and interpreted them as related to primary migration. Moreover, Goulart-Teixeira et 472 

al. [28] performed a numerical model study of the maturation of kerogen patches and proposed that a 473 

network of both horizontal and vertical fractures could form during primary migration. 474 

Once a fracture has formed, it may remain a zone of weakness, and fracturing may be reactivated by an 475 

increase in pore pressure. In the experiments, the shale swells as the temperature increases, and if the 476 

sample wall touches the wall of the autoclave, the forces acting between the surface of the shale sample 477 

and the inner wall of the autoclave will affect the stress field within the shale sample. This may be 478 

sufficient to change the balance between horizontal and vertical fracturing, and unusually large pulses 479 

may occur if fluid cannot flow between the sample surface and the inner wall of the autoclave, or if the 480 

fluid path along the interface between the sample and the autoclave is blocked for other reasons such as 481 

the deposition of solid bitumen or char formed by the cracking of expelled hydrocarbon. Under these 482 

circumstances, a large amount of fluid generation and pressure buildup, over a large time interval, may 483 

be required to drive vertical fracturing resulting in a large pressure pulse. Once a vertical fracture reaches 484 

the upper or lower surface, it may provide a conductive pathway for fluids injected into it from horizontal 485 

fractures. 486 

The abrupt appearance of fluid expulsion at temperatures as low as 210 0C implies the production of 487 

fluid and the rapid creation of flow pathways between the interior of the heated shale samples and their 488 

surfaces at about this temperature. Although kerogen maturation commences as temperatures as low as 489 

 50°C, on geological time scales, it seems unlikely that sufficient hydrocarbon fluid to drive fracturing 490 
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was produced at temperatures of  210°C on the time scale of the experiments reported here. Fracturing 491 

at  210°C can be attributed to desorption of sorbed water, the production of water and/or CO2 492 

decomposition of sodium bicarbonate and sodium sesquicarbonate dihydrate (nahcolite and trona) and 493 

other evaporate minerals, which are often abundant in Green River Shale. The expansion and/or 494 

evaporation of pore water and organic fluids that were present before heating may also contribute.  495 

4.2 Implications for hydraulic fracturing 496 

In the subsurface, the local direction of minimum principal compressive stress may strongly deviate 497 

from the direction of large scale minimum principal compressive stress, and this may facilitate the 498 

growth of deviated fractures. In high volume hydraulic fracturing used for applications such as increased 499 

production of oil and gas, a wealth of micro-seismic data demonstrates that fracturing does occur 500 

preferentially in the plane perpendicular to the direction of the least principal stress [43]. However, the 501 

resulting fracture surfaces are rough, the process zone near the advancing fracture front is complex, and 502 

the large scale direction of propagation does not imply that the microfractures, which may play an 503 

important role in the overall hydraulic fracturing process, have the same orientation as the large scale 504 

hydraulic fracture. 505 

4.3 Dynamics of microfracturing during heating in shales 506 

During the heating process fluids are produced continuously. Some of them flow slowly through the low 507 

permeability porous medium into the space surrounding the sample. Kerogen maturation reduces the 508 

volume of solid and some of the fluids produced drives microfracturing. The permeability is expected 509 

to increase if the confining stress is not high enough to prevent it. Fluid production and expulsion from 510 

the shale results in an increase in the pressure of the fluid surrounding the shale sample, and this is 511 

recorded as pressure pulses superimposed on a continuous pressure increase. Our experimental results 512 

are consistent with the idea that some of the gas flows rapidly into the space surrounding the sample 513 

when fluid under pressure within the shale is expelled via the fracture network. Poroelastic pressure 514 

diffusion also contributes to the increase in the pressure of the fluid in the space surrounding the sample, 515 

and the pressure increases monotonically via a pressure ramp with brief periods of rapid pressure 516 
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increase which we called pulses. The validity of this interpretation is supported by the static pressure 517 

profile (Figure 3). 518 

Evidence for power law distribution of the burst amplitude was obtained, which points at their scale-519 

free behavior. Irrespective of temperature and other conditions, and despite the enormous difference in 520 

time scales (our experiments were run for 2 to 12 days whereas maturation in nature lasts for millions 521 

of years) we believe that the experiments reported here do provide insight into primary migration and 522 

that essentially the same mechanisms are at work across a range of different scales and conditions 523 

including processes at work in the subsurface during the generation and primary migration of oil and 524 

gas. 525 

Two types of fluid expulsion events were observed in the experiments. One is the large fluid expulsions 526 

events, which are likely to be associated with fracturing, and the X-ray tomography images provide 527 

direct evidence for fracturing. There is also a second family of far smaller fluid expulsion events which 528 

was only detectable through the differential pressure transducer records. At the beginning of a 529 

representative experiment (experiment 7) clusters of peaks are formed very close spaced in time, while 530 

towards the end more peaks are formed, but they more evenly separated in time. 531 

Although most of the Green River Shale is thermally immature, and it has produced little or no oil, the 532 

more deeply buried parts have generated some oil [3], and the Green River Shale may become an 533 

important source rock far in the future. The formation of microfractures would facilitate migration 534 

through the Green River Shale of the large amounts of fluid produced by thermal decomposition of 535 

kerogen and its expulsion into the surrounding rocks, and the presence of abundant microfractures, 536 

which are oriented mostly horizontally (but also diagonally and vertically), is necessary to produce a 3D 537 

connecting network [12, 13]. Small fluid expulsion events also occurred at different temperatures in our 538 

experiments. At temperatures below 200°C, they can be attributed to dehydration, the decomposition of 539 

sodium bicarbonate and sodium sesquicarbonates dihydrate (nahcolite and trona) and other evaporate 540 

minerals which are often abundant in Green River Shale. At higher temperatures, they are related to 541 

organic matter maturation. It would take some time for sufficient fluid production by kerogen 542 

decomposition to increase the fluid pressure and volume sufficiently to drive the formation of new 543 

microfractures. Alternatively, local fluid pressure increase could reopen and reactivate previously 544 
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formed, but closed, microfractures. Pressure release and fluid expulsion could also occur through 545 

connected pore volumes in the Green River Shale. However, the permeability of Green River Shale is 546 

very low ( 10-7 mD and  10-8 mD in the bedding-parallel and bedding-perpendicular directions 547 

respectively [44, 31, 44]). Increased porosity and permeability caused by a decrease in solid volume due 548 

to the decomposition of kerogen and minerals such as trona and nahcolite could provide pathways for 549 

fluid migration. The idea that microfractures play an important and probably dominant role in fluid 550 

migration and fluid expulsion during the maturation of organic rich shales is supported by the 551 

observation of microfractures filled with inorganic matter such as calcium sulphate and solid organic 552 

matter [18, 17]. However, in the case of microfractures filled with inorganic minerals, the force of 553 

crystallization may have opened closed fractures. 554 

4.4 Conceptual model of hydrocarbon expulsion during primary migration 555 

In recent studies [29, 45], we proposed an analogy between primary migration and the behavior of a 556 

fracture network that formed in a simplified and homogeneous hydrogel with internal gas production. 557 

These experiments were performed using yeast fermentation in a Hele-Shaw cell, which generated the 558 

CO2 that drove hydraulic fracturing of the gel [29, 45], a system that represented kerogen-decomposition 559 

and fluid expulsion in a shale. The dynamics of fracture opening, closing and coalescence to form a 560 

fracture network was characterized quantitatively, and a model that explains the observed behavior was 561 

proposed [29]. In these experiments, the deflation of CO2 filled fractures that reached the open boundary 562 

of the Hele Shaw cell was observed, and although the rate of gas expulsion was not measured, the 563 

frequency of fluid expulsion events was about 1 Hz, and this behavior is a clear indication of fluid 564 

expulsion through open fractures. 565 

The calculated Hurst exponents in the pressure signals of experiments 5 and 7 indicated strong 566 

persistency and trending [36, 46]. It turned out that both the pressure pulse sizes and the time intervals 567 

contribute to the overall persistency. Models other than that proposed by Kobchenko et al. [29] have 568 

also been proposed to explain this behavior, which deviates strongly from the behavior expected if fluid 569 

expulsion is dominated by diffusive and Darcy flow fluid transport. Bons et al. [47] proposed a paradigm 570 

for the transport and accumulation of oil, gas, and metamorphic fluids based on the concept of self-571 

organized criticality. According to this paradigm, systems in which fluid is being generated may evolve 572 
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rapidly into a self-organized critical state in which rapid, non-Darcian, fluid transport is coupled with 573 

hydraulic fracturing. However, our investigation of self-organized criticality was inconclusive. 574 

Based on our experimental results, we propose a four stage scenario for fluid expulsion during the 575 

pyrolysis of Green River Shale under constant temperature conditions. These four stages are described 576 

in Figure 11. In the first stage (stage a) hydrocarbon fluid is produced and expelled from the Green River 577 

Shale at a relatively high rate as the increase in static pressure and the large fluctuations in the differential 578 

pressure signal indicate. The high fluid expulsion rates from the very low permeability shale are 579 

facilitated by the nucleation and growth of microfractures (Figure 11a). In the second stage (stage b), 580 

the rate of fluid production remains high but decreases because the remaining, more aromatic, kerogen 581 

is more resistant to thermal decomposition and it has a smaller hydrocarbon production capacity. 582 

Because kerogen is derived primarily from detrital organic matter, the chemical nature of one kerogen 583 

particle may differ substantially from that of a neighboring kerogen particle, and kerogen is closely 584 

associated with inorganic mineral particles that may catalyze or inhibit catagenesis. Consequently, some 585 

kerogen particles may undergo chemical transformations leading to fluid production much more slowly 586 

than others under any particular (P, T) conditions and this may extend the range of temperatures or times 587 

over which relatively rapid fluid production occurs during maturation experiments. Nevertheless, the 588 

rate of fluid expulsion during stage b is less than during stage a, and this is consistent with the 589 

expectation that, under constant temperature conditions, the rate of fluid production will decrease with 590 

increasing time because the solid material that remains (more mature kerogen) has a smaller fluid 591 

generation capacity and it is more resistant to thermal decomposition (Figure 11b). During the third 592 

stage (stage c) the now more mature kerogen produces fluid at a smaller rate and the expulsion of fluid 593 

becomes more intermittent (Figure 11c). The first two fluid expulsion stages are likely to be 594 

accompanied by the nucleation and growth of new microcracks. During stage b, some fractures close 595 

while others nucleate and grow, and during stage c no new fractures are formed, but pre-existing 596 

fractures close and re-open. In the final stage (stage d) the highly carbonaceous, very high maturity, 597 

residual kerogen is no longer capable of generating significant volumes of fluid, and the fluid expulsion 598 

rate declines to very low levels(Figure 11d). 599 
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During the early stages of kerogen maturation, the fluid produced by each kerogen particle may be 600 

retained in the kerogen particle that produced it (in the form of sorbed hydrocarbon or hydrocarbon in 601 

closed pores within the kerogen).  This will leaded to swelling of the kerogen particles that can be 602 

expected to drive the formation of localized fractures that are too small to detect by X-ray 603 

microtomography. As hydrocarbon fluid increases, the swelling of the kerogen particles will increase 604 

and the microfractures will grow. Eventually, fluid will be expelled from the kerogen particles and the 605 

microfractures will form a fracture network through which long-range fluid transport can occur. 606 

 607 

4.5 Implication for primary migration and microfracturing in natural shales 608 

In nature, petroleum generation occurs in the 60⁰C-150⁰C temperature range under anisotropic stress 609 

conditions. In an earlier investigation, we were able to observe evidence for petroleum generation from 610 

Green River Shale (in the form of fracture formation) only at temperatures between 300⁰C and 400⁰C 611 

at atmospheric pressures [16, 37]. Neglecting the differences in confining stress and heating schedules, 612 

this could be due to the resolution not being high enough to capture the formation of small microfractures 613 

(fluid expulsion occurred through microfractures that had aperture widths too small to detect by X-ray 614 

tomography). By measuring the expulsion of fluid from Green River Shale samples, we have now 615 

obtained indirect evidence for the formation of microfractures at significantly lower temperatures. While 616 

we were not able to demonstrate that pressure pulses are necessarily accompanied by the expulsion of 617 

fluid through fractures that are generated or opened by the increasing pressure of the fluid generated by 618 

kerogen decomposition, the existence of the pressure pulses does strongly suggest that fluid expulsion 619 

is coupled with the dynamics of individual fractures and fracture networks. Pressure pulses require rapid 620 

changes in the fluid production rate and/or rapid changes in permeability. Rapid changes in the rate of 621 

fluid production by kerogen maturation is not plausible and rapid changes in permeability without 622 

microfracturing and/or the opening and closing of fractures is very unlikely (large and rapid changes in 623 

the pore volumes in brittle materials would drive fracturing). We were able to detect fluid expulsion 624 

events at temperatures as low as 211⁰C, and the abrupt appearance of fluid expulsion implies the rapid 625 

creation of flow pathways between the interior of the heated shale samples and their surfaces at about 626 
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this temperature, which is some 150 ⁰C higher than the temperature at which oil generation from kerogen 627 

occurs on a geological time scales.  628 

At higher temperatures, the chemical reactions that generate hydrocarbons are accelerated and in 629 

absence of pre-existing hydrocarbon migration pathways sufficient hydrocarbon can be generated to 630 

increase its pressure sufficiently to overcome the confining stress and the (relatively small) tensile 631 

strengths of organic rich rocks [13, 14, 21, 22, 18, 23].  632 

5. CONCLUSIONS 633 

Microfractures are believed to play an important role in primary migration, but a detailed understanding 634 

of primary migration, including how fracturing and fluid flow are coupled with each other and with 635 

other processes is still lacking. The very large difference in length scales and even larger difference in 636 

time scales (by a factor on the order of one billion) between primary migration in the subsurface and 637 

laboratory experiments makes interpretation of the experiments in terms of primary migration 638 

challenging and uncertain. These difficulties are compounded by the heterogeneity and variability of 639 

source rocks and the kerogen within them. Nevertheless, we believe that laboratory experiments can 640 

play an important role in the development of a better understanding of primary migration. Under some 641 

natural conditions, such as when magma intrudes into sedimentary basins, accelerated maturation 642 

occurs, and study of source rocks that have undergone maturation under these conditions could help in 643 

bridging the gap between maturation in laboratory experiments and maturation under more typical 644 

conditions. The main results of the experiments reported here are: 645 

 Fluid expulsion can occur in different sequences when the temperature increases in steps. This 646 

phenomenon was investigated by increasing the heating temperature and observing expulsion 647 

events. Fluid expulsion commences abruptly, and this suggests that fluid accumulates in the 648 

shale until the pressure and volume of fluid becomes large enough to drive fracturing and 649 

concomitant fluid expulsion. Some expulsion occurred later in the process when the sample was 650 

held at a constant temperature, and this can be attributed to late kerogen maturation (production 651 

of low molecular mass gaseous hydrocarbons from mature, high carbon content, kerogen). 652 
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 It has been assumed that after nucleation, microfractures propagate more-or-less along the 653 

lamination plane and that naturally present vertical fractures connect them [48, 49]. In our 654 

experiments we observed that most of the microfractures that formed as a result of thermal 655 

decomposition of kerogen were parallel to the plane of the lamination (parallel to the bedding 656 

plane), but some of the microfractures that deviated from the planes of the lamination were 657 

oriented more-or-less perpendicular to them. 658 

 The burst amplitude frequencies (burst amplitude probability distribution) could be represented 659 

quite well by a power law over a significant range of burst amplitudes. 660 

 The frequency of waiting times among pressure bursts decreased monotonically with increasing 661 

waiting time. 662 

 Pressure time-series displayed a persistent behavior to which both the pressure pulse sizes and 663 

the time intervals contributed. 664 

 A conceptual model is proposed for the four observed stages of fluid expulsion: a) early stage  665 

catagenesis during which fluid expulsion takes place at high rates, b) second  stage catagenesis 666 

during which the fluid expulsion rate remains high and the simultaneous opening and closing of 667 

fractures plays an important role (in the analog experiments of Kobchenko et al. [45], the 668 

opening and closing of neighboring fractured was found to be correlated), c) third stage during 669 

which  fluid is expelled at a slower but more-or-less constant rate via smaller pulses controlled 670 

by the opening and closing of fractures, and d) production of fluid at a declining rate from highly 671 

carbonaceous, high maturity, residual kerogen that is no longer capable of generating large 672 

quantities of fluid. 673 
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FIGURES AND FIGURE CAPTIONS 786 

 787 

Figure 1: Experimental setup which consists of an autoclave, a Thermo Scientific Multi-Blok™ heater 788 

(one block is shown in the figure), a temperature sensor, two static pressure sensors (analog and digital), 789 

a differential pressure piezoelectric sensor, and a charge amplifier all connected to a computer via a 790 

micro controller device. a) Autoclave with sample inside the thermally insulated heating device to 791 

minimize the transport of heat from the heater to the autoclave, which is connected to a CO2 or N2 gas 792 

cylinder and pressure measuring devices; b) Static pressure sensor connected to a 20-volt power supply 793 

and LabView® software through a micro controller; c) Left: steel sample holder that houses small-794 

diameter samples (25 mm), Right: large sample (28 mm) on top of a reinforced wave spring. 795 

  796 
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 797 

Figure 2: Linear regression on the temperature-stabilized part of the P/T vs. time curve for experiment 798 

5. The periodic rise and fall of the pressure is caused by the on/off cycling of the heating elements 799 

controlled by a thermostat. These cycles are superimposed on a more-or-less linear increase in pressure 800 

caused by the production of hydrocarbon fluids.  801 
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 802 

Figure 3: a) Temperature, b) Static pressure, and c) Voltage (representing differential pressure) signals 803 

obtained during experiment 5. The peaks in the differential pressure signal correspond to pressure pulses 804 

related to the fluid expulsion events during kerogen during maturation.  805 
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 806 

Figure 4: a) Temperature profile for the six stages of experiment 7, b) Temperature measured during 807 

experiments 9-13.  808 
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 809 

Figure 5: Fourier power spectra of the time series of the differential pressure sensor signal acquired in 810 

experiment 7. a) Power spectrum at 28⁰C when the heater was switched off. b) Power spectra at 211⁰C, 811 

237⁰C, 255⁰C, 301⁰C and 319⁰C in experiment 7 on a log-log scale showing a characteristic peak at a 812 

frequency of about 2×10-2 Hz (equivalent to a period of 50 seconds), which is close to the 42 second 813 

relaxation time of the sensor. The low amplitude, high frequency peaks, in the upper right hand side of 814 

parts a and b, are attributed to noise in the system.  815 
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  816 

Figure 6: Comparison of piezoelectric transducer voltage signal representing differential pressure 817 

between 107900 and 147100 seconds recorded during experiment 5 with static pressure signal. a) 818 

Differential pressure within the time window; b) Differential pressure minus moving average of 819 

differential pressure (normalized differential pressure); c) Differential pressure minus moving average 820 

after removal of negative values; d) Comparison of the normalized static pressure (static pressure minus 821 

its moving average) with normalized differential pressure and differential pressure.  822 
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 823 

 824 

Figure 7: a) Sample before (left) and after (right) experiment 1; b) Hydrocarbon coating on the sample 825 

holder (left) and inner wall of the vessel (right) at the end of experiment 3; c) The sample after 826 

experiment 4 with both vertical and horizontal fractures; d-f) X-ray micro-tomography image of a Green 827 

River Shale sample after heating at a temperature of 350 ⁰C for 6 days, which also shows horizontal and 828 

vertical fractures. Bed-parallel and bed-perpendicular fractures were produced during the expulsion of 829 

hydrocarbon. The voxel size was 17 micrometers. The 3D rendering shows the fracture network.  830 
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 831 

Figure 8: a) Probability distribution function of binned waiting times (Δt) between pressure bursts above 832 

the delay time of the sensor (τ) obtained by analyzing data from Experiment 5. b) Probability distribution 833 

function for binned waiting times for experiments 9-13. The data displayed in parts a and b indicate that 834 

the frequency of waiting times decreases monotonically with increasing waiting time. c) Waiting time 835 

complementary cumulative probability distribution function (CCDF) for experiments 9-13. d) 836 

Cumulative probability distribution of the pressure pulse waiting times for experiment 5. e) Cumulative 837 

probability of the pressure pulse waiting times for experiments 9-13.  838 
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 839 

Figure 9: a) Complementary cumulative probability distribution function (CCDF) of pressure burst 840 

amplitudes, X, for the six temperatures of experiment 7 each represented by different colors. For large 841 

burst amplitudes, the data suggest a power law distribution, and a goodness-of-fit method was used to 842 

determine the power law exponent, the range of power law scaling, the lower limit of the fit (Xmin), 843 

and confirm power law behavior. The power law exponent decreases as the temperature increases. b) 844 

Pressure burst amplitude complementary cumulative probability distribution for experiments 9-13. Each 845 

of these experiments was conducted at a constant temperature, and the effective power law exponent 846 

does not change systematically as the temperature increases. 847 
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848 

Figure 10: long term memory and self-affinity analysis for the differential pressure in experiment 5: (a), 849 

all six temperatures of experiment 7 (b) showing rescaled range (R/S) versus t, where t is the length 850 

of the time interval in which R and S were measured. The method proposed in Di Matteo [2007] was 851 

used to calculate the Hurst scaling exponent. Strong pressure pulse size persistence was observed in both 852 

experiments. The calculated Hurst exponents determined for the cumulative de-trended pressure in 853 

experiments 5 and 7 were greater than 0.5, and this indicate persistent behavior.  854 
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 855 

Figure 11: Conceptual model for various stages of gas expulsion during constant temperature 856 

experiments: Stage a) the early stage of catagenesis during which the production and expulsion of fluid 857 

takes place at high rates. Fracturing facilitates the high fluid expulsion rates. Stage b) second stage of 858 

catagenesis during which the rate of fluid expulsion remains high but decreases because the remaining, 859 

more aromatic, kerogen is more resistant to thermal generation and it has a smaller hydrocarbon 860 

production capacity. The variability in the chemical natures of different kerogen particles may contribute 861 

to maintenance of a high rate of fluid expulsion during stage b because production of fluid from kerogen 862 

particles that are more resistant to thermal degradation will be prolonged. Stage c) the now more mature 863 

kerogen produces fluids at a smaller rate and the expulsion of fluids becomes intermittent. We attribute 864 

intermittent gas release to the repeated opening and closing of fractures. Stage d) the rate of fluid 865 

production declines as the H/C and O/C ratios become too small for fluid generation and the residual 866 

very highly mature kerogen (char) consists almost entirely of carbon. In this figure red arrows and their 867 

abundance represent hydrocarbon flux directions and magnitudes and kerogen layers thicknesses 868 

change. 869 
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Table 1: List of experiments and experimental conditions 870 

Experiment number Sample dimensions 
Experiment 

duration 
Temperature 

Initial 

differential 

pressure (no 

heating) 

Objective 

Total gas release after 

temperature stabilization 

 
mole

𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒
 

Experiment 1 
28 mm diameter sample 

on top of a wave spring  
2 days 350⁰C (heater) 

175 k Pa 

(wave spring) 

To study liquid 

hydrocarbon release  
N/A 

Experiment 2 no sample 3 days 350⁰C (heater) N/A 

characterize the 

fluctuations in 

temperature and 

pressure when the 

heater activated and 

deactivated 

N/A 

Experiment 3 
25 mm diameter sample 

inside sample holder 
4 days 350⁰C (heater) 

2 MPa 

(holder 

bolt)  

Conducted with shale 

sample at a single 

temperature 

N/A 

Experiment 4 
28 mm diameter sample 

on top of a wave spring  
6 days 350⁰C (heater) 

175 k Pa 

(wave 

spring) 

To study induced 

fracture network 

formation 

N/A 

Experiment 5 
25 mm-diameter sample 

inside holder 
8 days 252⁰C (autoclave) 

2 MPa 

(holder 

bolt) 

A differential pressure 

transducer was added 

to the setup 

3.8×10-5 

Experiment 6 
28 mm diameter sample 

on top of a wave spring  
7 days 300⁰C (autoclave) 

175 k Pa 

(wave 

spring) 

Conducted at higher 

temperature to see if 

larger fluid expulsions 

could be induced  

N/A 

Experiment 7  
25 mm-diameter sample 

inside holder 
(6×2) days 

211⁰C, 237⁰C, 

255⁰C, 271⁰C, 

301⁰C and 319⁰C 

(autoclave) 

2 MPa 

(holder 

bolt) 

Experiment on the 

same sample at 6 

different temperatures 

consecutively 

N/A 

Experiment 8 
25 mm-diameter sample 

inside holder 

(7+3+1) 

days 
252⁰C and 28⁰C 

2 MPa 

(holder 

bolt) 

Changes in voltage 

time series with 

acoustic emission 

suppressed by silica 

powder 

N/A 

Experiment 9 
25 mm-diameter sample 

inside holder 
115 hours 310⁰C 

2 MPa 

(holder 

bolt) 

Similar to experiment 

5, but at higher 

temperature (lower 

data capture 

frequency) 

9×10-5 

Experiment 10 
25 mm-diameter sample 

inside holder 
99 hours 292 ⁰C  

2 MPa 

(holder 

bolt) 

 Similar to experiment 

5, but at higher 

temperature (lower 

data capture 

frequency) 

6.9×10-5 
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Experiment 11 
25 mm-diameter sample 

inside holder 
7 days 275⁰C 

2 MPa 

(holder 

bolt) 

 Similar to experiment 

5 at higher 

temperature (with a 

lower data capture 

frequency) 

N/A 

Experiment 12 
25 mm-diameter sample 

inside holder 
185 hours 275⁰C 

2 MPa 

(holder 

bolt) 

Similar to experiment 

11 with a slightly 

longer duration) 

1.2×10-6 

Experiment 13 25 mm-diameter sample 93 hours 305⁰C 

2 MPa 

(holder 

bolt) 

Experiment with 

sample, but no 

confinement  

5.8×10-4 

 871 

Table 2: Burst amplitude fitting by a goodness of fit method [Clauset et al., 2009]. Xmin is minimum 872 

data value (cut-off) above which the power law model is plausible. 873 

Experiment 7 
Power Law Slope 

(absolute values) 

Standard 

Deviation 

Power Law 

Xmin 

No. of bursts above 

the noise threshold 

211 ⁰C step 3.6 0.3 79.7 90312 

237 ⁰C step 3.0 0.2 75.1 135326 

255 ⁰C step 2.9 0.2 34.6 67601 

271 ⁰C step 2.4 0.1 42.7 142131 

301 ⁰C step 3.0 0.2 99.3 218816 

319 ⁰C step 2.6 0.1 95.8 121816 

     
Experiment 9 1.7 0.1 135.1 421283 

Experiment 10 1.7 0.1 88.9 316344 

Experiment 11 2.5 0.7 1688.0 480323 

Experiment 12 1.7 0.5 627.0 666860 

Experiment 13 2.5 0.2 264.4 333804 
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