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Abstract

Shale gas systems serve as sources, reservoirs, and seals for unconventional
natural gas accumulations. These reservoirs bring numerous challenges to
geologists and petroleum engineers in reservoir characterization, most no-
tably because of their heterogeneous character due to depositional and di-
agenetic processes but also because of their constituent rocks’ fine-grained
nature and small pore size—much smaller than in conventional sandstone
and carbonate reservoirs. Significant advances have recently been achieved
in unraveling the gaseous hydrocarbon generation and retention processes
that occur within these complex systems. In addition, cutting-edge char-
acterization technologies have allowed precise documentation of the spatial
variability in chemistry and structure of thermally mature organic-rich shales
at the submicrometer scale, revealing the presence of geochemical hetero-
geneities within overmature gas shale samples and, notably, the presence
of nanoporous pyrobitumen. Such research advances will undoubtedly lead
to improved performance, producibility, and modeling of such strategic re-
sources at the reservoir scale.
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1. INTRODUCTION

Gas shales are geological formations of economic significance as they constitute an established
target for commercial hydrocarbon production. Owing to its abundance, shale gas has increasingly
attracted worldwide attention (Figure 1) (Armor 2013, McGlade et al. 2013, Weijermars 2013,
Xingang et al. 2013), and with more than 100 years’ worth of worldwide reserves as estimated
by the US Energy Information Administration (EIA; http://www.eia.gov), it holds promise
as a sustainable energy source for the foreseeable future. In the United States, following the
establishment in the 2000s of commercial gas production from the Barnett Shale (Texas),
successful exploration rapidly expanded to other shale gas plays, notably the Fayetteville Shale
(Arkansas), the Woodford Shale (Oklahoma), the Haynesville Shale (Louisiana and Texas), and
the Marcellus Shale (Pennsylvania). As a result, shale gas rose from less than 1% to more than
20% of US domestic gas production between 2000 and 2010, and according to EIA projections
it will likely account for more than 45% of the US gas supply by 2035 (Figure 1).
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Figure 1
(a) Map of the world’s largest shale gas deposits (from US EIA 2013). (b) US natural gas production by source for the period 1990–2040
(from US EIA 2013). (c) Polar shale gas risk plot (Hill plot) showing the minimum values of total organic content (wt% TOC), maturity
level (% Ro and Tmax), gas dryness (% dry gas), and transformation ratio (% TR) required for a gas shale formation to ensure gas
production (modified from Jarvie et al. 2007). (d ) Sketch illustrating source rock processes in gas shales that lead to thermogenic gas
generation (modified from Jarvie et al. 2007). Abbreviation: Tcf, trillion cubic feet.
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Unlike conventional systems, gas shales constitute self-contained source-reservoir systems
of large, continuous (unconventional) dimensions. They are characterized by widespread gas
saturation, subtle trapping mechanisms, seals of variable lithology, and relatively short hydrocar-
bon migration distances (e.g., Curtis 2002, Jarvie et al. 2007, Boyer et al. 2011). Understanding
the geological and geochemical nature of gas shale formation and improving gas recovery have
recently been at the heart of millions of dollars’ worth of research. Almost all currently producing
shale gas reservoirs are organic-rich overmature oil source rocks in the thermogenic gas window
that are sufficiently brittle and rigid to allow hydraulic fracturing for production in commercial
quantities (e.g., Curtis 2002, Jenkins & Boyer 2008, Boyer et al. 2011). Production performance
and recovery from unconventional reservoirs are highly variable between basins and within
individual plays. Due to the interdependence of geology, geochemistry, geomechanics, and
petrophysics on productivity and recovery, an integrated understanding of geologic controls
(such as mineralogy, rock textures, depositional environment, and present-day and paleostresses)
is required for interpreting production behavior and predicting future success.

Artificial maturation and pyrolysis experiments performed in the laboratory under well-
constrained physical and chemical conditions have been extensively used for decades to better
constrain the hydrocarbon generation processes occurring in source rocks (Lewan et al. 1979;
Horsfield & Dueppenbecker 1991; Horsfield et al. 1992; Schenk et al. 1997; Stasiuk 1997;
Seewald et al. 1998; Hill et al. 2003; Behar et al. 2008, 2010; Tiem et al. 2008; Lewan & Roy
2011; Pan et al. 2012). The main issue with these experiments is that temperatures and heating
rates considerably higher than those encountered in nature must be applied to the rock samples
to simulate long geological time periods. Although extrapolating laboratory results to natural
hydrocarbon generation processes covers nine orders of magnitude, and thereby may be deemed
perilous (e.g., Snowdon 1979), predictions have proven to be robust where correlations are
available (e.g., Schenk & Dieckmann 2004, Kuhn et al. 2012).

Full well-log suites, including high-resolution density and resistivity logs and borehole images,
can be used to derive porosity, fluid saturation, and permeability estimations. In addition, a wide
range of bulk analyses are now routinely used to estimate the content and type of kerogen and
bitumen present, the level of maturity, and the amount and type of hydrocarbons potentially
generated within gas shale formations worldwide (e.g., Horsfield 1989, Curtis 2002, Jenkins &
Boyer 2008, Boyer et al. 2011). In parallel, nondestructive spectroscopic analyses, such as solid-
state nuclear magnetic resonance, Fourier transform infrared spectroscopy, and X-ray absorption
near edge structure (XANES) spectroscopy, are increasingly used to chemically and structurally
characterize natural kerogen and its degradation products (e.g., Lis et al. 2005; Wei et al. 2005;
Smernik et al. 2006; Kelemen et al. 2007; Petersen et al. 2008; Mao et al. 2010; Bernard et al.
2012a,b).

Not surprisingly, given that the fundamental microstructural and geochemical properties of
gas shales differ markedly from those of traditional petroleum reservoirs, the application and
interpretation of many conventional analysis techniques have proven to be more complex for such
unconventional source-reservoir systems (Loucks et al. 2009, Wang & Reed 2009, Ambrose et al.
2010, Curtis et al. 2010, Dacy 2010, Sondergeld et al. 2010, Elgmati et al. 2011a, Chalmers et al.
2012a, Josh et al. 2012, Bai et al. 2013). As a result, traditional continuum models describing flow
in porous media that are widely applicable in conventional gas reservoirs are not applicable in
unconventional gas-rich systems, in which flow appears to be controlled by diffusion ( Javadpour
et al. 2007, Bustin et al. 2008, Bustin & Bustin 2012, Chalmers et al. 2012b). Thus, as detailed in
this article, recent efforts have focused on better assessing the geochemical nature of the various
constituents of gas shale systems as well as on better documenting their microstructure down to
the nanometer scale.
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2. GASEOUS HYDROCARBON GENERATION PROCESSES

Shales display compositions that vary laterally and vertically due to the effects of depositional and
diagenetic processes. Ideal gas shales are mudrocks that were deposited under anoxic conditions
and—as for the Barnett Shale, for example—in an oxygen minimum zone developed beneath
highly productive upwelling waters (e.g., Jarvie et al. 2007, Slatt & Rodriguez 2012). So-called
Type II organic matter formed in such environments from mainly planktonic debris has a very
high generation capacity, with up to 750 mg hydrocarbon for each gram of organic carbon.

Key parameters used in evaluating shale resources address the degree to which this full
potential can be realized and in what form, and include total organic content (wt% TOC),
thermal maturity level (% Ro and Tmax), transformation ratio (% TR), and gas dryness (% dry
gas) (Figure 1) (e.g., Jarvie et al. 2007, Dembicki 2009). Increasing gas dryness accompanies
progressive maturation. The gas shale content of nonhydrocarbon gases such as CO2 and H2S is
usually low (e.g., Armor 2013).

Four distinct processes may result in the formation of thermogenic gaseous hydrocarbons
(Figure 1) (Lewan et al. 1979, Pepper & Corvi 1995, Pepper & Dodd 1995, Schenk et al. 1997,
Lorant & Behar 2002, Erdmann & Horsfield 2006, Jarvie et al. 2007, Tian et al. 2008, Guo et al.
2009): (a) the decomposition of kerogen to gas and bitumen, (b) the secondary decomposition of
bitumen to oil and gas, (c) the secondary cracking of oil to gas and a carbon-rich residue such as
pyrobitumen, and (d ) the degradation of overmature kerogen within the metagenesis zone, leading
to the formation of late gas. The relative importance of each depends upon the temperature-time
conditions that together bring about thermal cracking reactions. Primary kerogen cracking occurs
between temperatures of 80◦C and 180◦C for 10% and 90% conversion, respectively, whereas
secondary oil-to-gas cracking has been suggested to begin at approximately 150◦C, depending
on heating rate (e.g., Dieckmann et al. 1998). Notably, some bitumen components consisting
primarily of asphaltenes and resins crack at the same time as or soon after their formation from
kerogen (Behar et al. 2010).

Most of the crude oil and gas generated in organic-rich shales are expelled into adjacent carrier
systems (Cooles et al. 1986). Yet, due to very low permeabilities, generated oil and gas fail to fully
escape their original shale source rock because they lack a viable migration path (Nelson 2009).
Generated gas can be stored in porosity and fractures, adsorbed onto kerogen and clay particles,
or dissolved in kerogen and (pyro)bitumen (e.g., Curtis 2002, Montgomery et al. 2005, Jarvie
et al. 2007, Loucks et al. 2009, Ross & Bustin 2009, Strapoc et al. 2010). The mass of gas in place
within a gas shale is equal to the mass of labile organic matter times the degree of conversion times
the retention efficiency times the proportion of gaseous products times the percent hydrocarbons
in that gas. High conversion levels allow intrinsic potential to be realized. The sweet spot for
gas occurrence in the Barnett, Fayetteville, and Woodford Shales occurs at high conversion of
about 90%, above a vitrinite reflectance level of approximately 1.1–1.3% (e.g., Jarvie et al. 2007).
This value of Ro corresponds to the onset of secondary gas generation from primary liquids (C6+
organics) predicted using kinetic modeling (Dieckmann et al. 1998). Secondary cracking in shales
thus occurs at a maturity level significantly lower than that predicted for the onset of oil-to-
gas cracking (approximately 2% Ro) in conventional siliciclastic reservoirs, possibly pointing to
autocatalytic activity (Horsfield et al. 1992, Schenk & Horsfield 1998).

Thanks to the dramatic increase in shale penetrations brought about by shale gas exploration,
new insights are being gained into how they evolve at high levels of maturity (Rodriguez & Philp
2010, Tilley et al. 2011, Zumberge et al. 2012, Hao & Zou 2013). Included here is the rollover of
ethane and propane δ13C values (δ13C2 and δ13C3 initially increase and then decrease as thermal
maturity increases) and isotopic reversals among methane, ethane, and propane (e.g., Hao &
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Zou 2013). Such isotopic distribution patterns from normal through partial reversal to complete
reversal have been proposed to result from the simultaneous cracking of kerogen, retained oil,
and wet gas in closed systems, i.e., where low oil expulsion efficiency at peak oil generation, low
expulsion efficiency at peak gas generation, and little gas loss during postgeneration evolution
have occurred (Hao & Zou 2013).

The disproportionation of hydrogen that occurs during secondary cracking results in the forma-
tion of hydrogen-rich species (e.g., dry and wet gases) and hydrogen-poor species (pyrobitumen)
and is accompanied by shrinkage to form secondary porosity (see below for detailed discussion).
Maximum secondary gas yield is controlled by the yield of C6+ precursors available for secondary
cracking, which in turn is determined by the efficiency of petroleum expulsion at lower (oil win-
dow) maturity levels (Mahlstedt & Horsfield 2012). According to the algebraic mass balance
model of Cooles et al. (1986), organic-rich shales are excellent expellers of petroleum (approx-
imately 90%), meaning that masses of retained gas are accordingly low; Jarvie et al. (2007) are
more conservative in their assessment of expulsion (65%), pointing to higher in-place gas yield
estimates. Intriguingly, shales with lower organic richness are poor expellers (i.e., good retainers);
as such, they are unable to source conventional petroleum but are potentially good gas shales.
As the volume of gas generated within gas shales by secondary cracking directly depends on oil
retention in the system, it thus depends on the nature of organic and inorganic phases and their
specific adsorption capabilities as well as on organic-inorganic structural relationships, pores, and
fracture networks. Chemical and physical changes that occur within gas shales during thermal
maturation are intricately interdependent.

The sorption capacities of gas shales may drastically vary during burial and subsequent uplift.
This variability is mainly due to variations in pressure and temperature conditions, although the
microstructure of organic matter, which directly results from its type and maturity level, may
also control the capacity of the surfaces (Muscio et al. 1994, Krooss et al. 2002, Mahlstedt et al.
2008). Oversaturation and gas leak-off may occur during uplift (e.g., Littke et al. 2011). At that
time, if oil or condensate is also present, phase changes occur, leading to the development of
two-phase systems that comprise a gas-rich phase associated with a second phase enriched in
heavier hydrocarbons (di Primio et al. 1998, di Primio 2002). Thus, although the timing of oil
and gas generation from kerogen throughout the oil window is critical for trap formation in
conventional petroleum systems, it is not that essential for shale gas systems. Even though in the
case of marine source rocks primary gas-oil ratios are low overall throughout the oil window,
secondary cracking and physical fractionation can lead to enrichment in gas (e.g., Santamaria-
Orozco & Horsfield 2003). Indeed, mature kerogen and pyrobitumen build a late gas potential
with increasing maturation. It was initially thought that recombination processes could explain
significant dry gas potential at very high maturity levels (approximately 2% Ro) and high geological
temperatures (>200◦C) (Dieckmann et al. 2006, Erdmann & Horsfield 2006) and that mainly
terrigenous organic matter evolved in this way. Yet, high late gas potentials are associated with
all organic matter types, and directly associated with the alpha cleavage of residual methyl groups
(Figure 2) (Mahlstedt et al. 2008, Mahlstedt & Horsfield 2012).

3. METHODOLOGICAL ISSUES FOR THE MICROSTRUCTURAL
CHARACTERIZATION OF GAS SHALES

Shale gas reservoirs possess a high degree of complexity, demonstrating heterogeneity from the
reservoir scale down to the nanoscale. Such complexity has been recognized since the earliest
petrographic examinations of shales (Sorby 1908). Gas shale systems do not form homogeneous
and featureless deposits but instead exhibit chemical and mineralogical heterogeneities at the

www.annualreviews.org • Thermal Maturation of Gas Shale Systems 639



EA42CH26-Bernard ARI 16 April 2014 12:9

0.45

0.50

0.6 0.8 1.0 1.2 1.4 1.6

Low

Intermediate

High

Lacustrine

Mesozoic– Cenozoic

Paleozoic

Fluviodeltaic

Marine

Terrestrial

Mixed marine

Mixed lacustrine

High initial LGP
Terrestrially influenced shales

Low initial LGP
Green River and Wealden Shales

Intermediate initial LGP
Silurian hot shales

Cambrian Alum Shale

Barnett, Bakken, Woodford, New Albany, and Caney Shales

LGT ratio

L
G

P
 r

a
ti

o

0.55

0.60

Posidonia Shale

Figure 2
Late gas potential (LGP) ratio and late gas type (LGT) ratio of various gas shale systems based on the analysis of immature samples.
These ratios have been determined on the basis of high-temperature, nonisothermal, closed-system microscale sealed-vessel (MSSV)
pyrolysis gas chromatography experiments (Mahlstedt & Horsfield 2012). The LGP ratio is defined as the ratio of the gas yield at
700◦C to the sum of gas yields at 560◦C and 700◦C. Source rocks generating late gas exhibit an LGP ratio greater than 0.5. The LGT
is defined as the ratio of the gas yield at 700◦C to the sum of gas yield at 560◦C and the yield of late gas derived from cracking of C6+
compounds. LGT ratios less than 1 are seen for source rocks whose late gas potential is due mainly to C6+ cracking, whereas LGT
ratios greater than 1 are seen for source rocks whose late gas potential can be explained only by a thermally stable, refractory moiety,
which yields additional amounts of secondary late gas at late temperature stages. Modified from Mahlstedt & Horsfield (2012).

submicrometer scale, as a direct result of their depositional environments and postdepositional dia-
genetic processes (e.g., Arthur & Sageman 1994, Katsube & Williamson 1994, Ross & Bustin 2009,
Loucks et al. 2009, Bernard et al. 2010b). Macroscopic averaging methods such as low-pressure
adsorption isotherms (e.g., Bustin et al. 2008), high-pressure mercury intrusion porosimetry (e.g.,
Nelson 2009), solid-state nuclear magnetic resonance (e.g., Sondergeld et al. 2010), and small-
angle and ultra-small-angle neutron scattering (e.g., Clarkson et al. 2012, 2013; Ruppert et al.
2013) have shown that pore sizes within gas shales are on the order of a few nanometers to tens
of nanometers. At this scale, conventional continuum descriptions of gas transport do not apply.
Owing to this nanoscale porosity, which is orders of magnitude smaller than that in conventional
reservoirs (Figure 3), flow equations and mathematical models originally developed for conven-
tional sandstone and carbonate hydrocarbon reservoirs are not directly applicable to shales. Type,
size, and arrangement of pores at the nanoscale may strongly affect hydrocarbon storage and sealing
capacity (e.g., Ambrose et al. 2010, Schieber 2010). In addition, differences in the origin and distri-
bution of pore types may affect permeability and wettability (e.g., Nelson 2009, Passey et al. 2010).

The need to better document the pore structure of gas shale systems has recently become a
challenge for organic geochemical research (Loucks et al. 2009, 2010, 2012; Curtis et al. 2010,
2011a,b, 2012a–c; Passey et al. 2010; Schieber 2010; Heath et al. 2011; Slatt & O’Brien 2011;
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(a) Difference in typical pore sizes between sandstones and shales. (b) Different types of pores (black) following the classification of
Loucks et al. (2010, 2012): interparticle, intramineral, and intraorganic (modified from Loucks et al. 2012). (c) Focused ion beam
scanning electron microscopy (FIB-SEM) images in backscattered electron (BSE) mode of an overmature Horn River Shale sample.
Organic matter appears dark and displays irregularly shaped, roughly circular nanopores; mineral grains are visible in various lighter
shades of gray and pyrite in white (modified from Curtis et al. 2010). (d ) FIB-SEM image in BSE mode of an overmature Woodford
Shale sample, showing the coexistence of nonporous and nanoporous organic masses (dark regions) (modified from Curtis et al. 2012b).
(e) Three-dimensional FIB-SEM volume in BSE mode of an overmature Eagle Ford Shale sample, showing nanoporous organic masses
(dark regions) (modified from Walls & Sinclair 2011).

Walls & Sinclair 2011; Bernard et al. 2012a,b; Driskill et al. 2013). Imaging gas shale nanopores
requires high-quality preparation and imaging techniques that allow fine details of microstruc-
ture to be preserved with minimal artifacts. Confocal laser scanning microscopy and conventional
scanning electron microscopy (SEM) are inadequate to characterize submicrometer grains and
pores from broken or mechanically polished shale samples. Argon ion beam milling has thus in-
creasingly been used to overcome this difficulty by producing ultrasmooth polished surfaces that
allow high-magnification SEM to be performed at high spatial resolution (Loucks et al. 2009;
Wang & Reed 2009; Desbois et al. 2010, 2013; Curtis et al. 2011a,b). Atomic force microscopy
has also been successfully used to characterize mudrock nanopores ( Javadpour 2009, Javadpour
et al. 2012). Recent advancements in focused ion beam scanning electron microscopy (FIB-SEM)
systems have offered another alternative for investigating the three-dimensional submicrometric
fabric of a variety of samples (Curtis et al. 2010, 2011a,b, 2012a; Desbois et al. 2010; Sondergeld
et al. 2010; Bera et al. 2011; Elgmati et al. 2011a,b; Heath et al. 2011; Walls & Sinclair 2011;
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Chalmers et al. 2012a; Bernard et al. 2013; Driskill et al. 2013). The FIB-SEM technique can
also be used to extract ultrathin (<100-nm-thick) sections of sample across areas of interest, thus
providing suitable samples for transmission electron microscopy, which offers a unique combi-
nation of chemical and structural information with unsurpassed spatial resolution (Bernard et al.
2010a,b; Curtis et al. 2011b; Chalmers et al. 2012a). These recent studies have reported a variety
of pore types in thermally mature gas shales. Although various porosity classification schemes exist
(Orr 1977, Kwon et al. 2004, Desbois et al. 2010, Milliken & Reed 2010, Heath et al. 2011), the
descriptive approach introduced by Loucks et al. (2010, 2012), which groups shale matrix-related
pores into three basic categories on the basis of their relationships to organic and inorganic par-
ticles, is perceived as the most convenient to use and the most consistent with schemes of pore
subdivisions that have been used for decades in conventional carbonate and sandstone reservoir
systems (e.g., Choquett & Pray 1970, Pittman 1979). In this scheme, pore types include interpar-
ticle pores, intramineral pores, and intra-organic-matter (intraorganic) pores (Figure 3). Most of
the recent studies have documented intraorganic pores that have irregular, bubble-like, elliptical
cross sections and generally range between 5 and 500 nm in length in thermally mature gas shales
(Figure 3) (Loucks et al. 2009, 2010, 2012; Passey et al. 2010; Elgmati et al. 2011a,b; Heath et al.
2011; Slatt & O’Brien 2011; Walls & Sinclair 2011; Bernard et al. 2012a,b; Curtis et al. 2012a–c).

4. DIAGENETIC EVOLUTION OF SHALE PORES ASSOCIATED WITH
THE MINERAL MATRIX

The burial diagenesis and transformation of organic-rich muds to highly heterogeneous organic-
rich shales form a complex process that is a function of many variables, including original min-
eralogy, fabric, texture, organic content, fluids, hydrology, and burial rate and depth. Diagenesis
may significantly affect shale porosity and permeability (Katsube & Williamson 1994, Kim et al.
1999, Ross & Bustin 2009, Yang & Aplin 2010, Schneider et al. 2011, Emmanuel & Day-Stirrat
2012, Milliken et al. 2012), which can range over more than an order of magnitude (e.g., Mondol
et al. 2008, Mehmani et al. 2011). The pores associated with the mineral matrix include inter-
particle pores and intramineral pores (Loucks et al. 2010, 2012). Interparticle pores have varying
origins, and their geometries differ significantly as a function of both primary pore preservation
and diagenetic alteration (Loucks et al. 2012). Indeed, interparticle pores are highly sensitive to
burial-induced mechanical compaction (Aplin et al. 2006, Loucks et al. 2012, Bernard et al. 2013).
In immature sediments, the typically abundant and well-connected interparticle pores may form
an effective (permeable) pore network (Klaver et al. 2012). However, with increasing burial and
overburden stress, compaction and cementation processes make this early-formed interparticle
porosity collapse (Kim et al. 1999, Mondol et al. 2008, Milliken & Reed 2010, Mehmani et al.
2011). Given that shales experience the fastest rates of compaction during the first kilometer
of burial, the main phase of interparticle pore collapse likely occurs before the initiation of any
significant volume of hydrocarbon generation (Loucks et al. 2012, Bernard et al. 2013).

In contrast to interparticle pores, as defined by Loucks et al. (2010, 2012), intramineral pores
occur within mineral boundaries and can be primary (i.e., original pores within grains that are
clustered together, such as intercrystalline pores within pyrite framboids) or secondary (e.g., disso-
lution pores, such as intracrystalline pores within calcareous fossils) in origin. Thus, by definition,
intramineral pores are less likely than are interparticle pores to be part of an effective pore net-
work, because they are likely less interconnected. Although intramineral pores are less sensitive to
mechanical diagenesis (compaction), their number and volume appear to be strongly controlled
by chemical diagenesis, i.e., by authigenesis and dissolution/precipitation processes (Loucks et al.
2012, Bernard et al. 2013). Although diagenetic cementation processes can completely occlude
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the intramineral pore spaces, secondary intramineral pores may locally form, most likely as the
result of organic matter thermal decarboxylation (e.g., Mazzullo & Harris 1992, Ehrenberg et al.
2012). Notably, in thermally mature gas shales, most of the intramineral pore spaces are filled with
bitumen, indicating that they were once sufficiently interconnected to allow bitumen to migrate
(Loucks et al. 2012, Bernard et al. 2013).

5. ORIGIN AND NATURE OF NANOPOROUS ORGANIC PARTICLES

Since the pioneer study performed by Loucks et al. (2009), the discovery of organic compounds
exhibiting irregular-ellipsoid-shaped nanopores of approximately 5 to 500 nm has been reported
in most gas shale systems worldwide (Figures 3 and 4), including the Barnett Shale (Curtis
et al. 2010, 2011b, 2012a; Loucks et al. 2010, 2012; Passey et al. 2010; Slatt & O’Brien 2011;
Bernard et al. 2012b), the Marcellus Shale (Curtis et al. 2011b, 2012a), the Woodford Shale
(Curtis et al. 2011a,b, 2012a–c), the Horn River Shale (Curtis et al. 2011b, 2012a), the Eagle
Ford Shale (Walls & Sinclair 2011, Curtis et al. 2012a), the Gothic Shale (Heath et al. 2011), the
Haynesville Shale (Curtis et al. 2011b), the Utica Shale (Elgmati et al. 2011a), the Tuscaloosa
Shale (Heath et al. 2011), the Fayetteville Shale (Elgmati et al. 2011b, Bai et al. 2013) and the
Posidonia Shale (Bernard et al. 2012a, 2013). This nanoporosity may constitute as much as 50%
of the volume of a single organic particle (Curtis et al. 2010, 2012a; Loucks et al. 2010, 2012).
In agreement with the prediction of Loucks et al. (2009), Ambrose et al. (2010) and Sondergeld
et al. (2010) have recently provided evidence that these intraorganic pores may form a connected
three-dimensional effective pore network through the interconnectivity of organic particles. Thus,
although intraorganic nanopores do not necessarily dominate in total volumetric contribution, the
three-dimensional arrangement of nanoporous organic particles likely has a substantial influence
on the gas storage capacity and permeability of thermally mature gas shales (e.g., Ambrose et al.
2010, Passey et al. 2010, Sondergeld et al. 2010, Slatt & O’Brien 2011, Curtis et al. 2012a, Loucks
et al. 2012).

As demonstrated by detailed studies of maturation series, there is no doubt that this particular
pore type is acquired during increasing thermal maturation (Figure 4) (Bernard et al. 2012a,b;
Curtis et al. 2012b,c; Loucks et al. 2012). Despite their ubiquity, however, the chemical nature of
these nanoporous organic compounds has long remained puzzling. The differential evolution of
various organic matter types has been proposed to explain the co-occurrence of nonporous and
nanoporous organics in overmature gas shales (Curtis et al. 2012a,b). Variable volume changes dur-
ing late conversion of kerogen to hydrocarbons have been suggested to induce the creation of such
porosity, even within the oil window (e.g., Loucks et al. 2009, 2012). Yet, the use of synchrotron-
based scanning transmission X-ray microscopy (STXM), which allows XANES spectroscopy to be
performed at high spatial resolution, thus providing information on organic constituent speciation
at the 20-nm scale (e.g., Kilcoyne et al. 2003, Bluhm et al. 2006, Kaznatcheev et al. 2007, Bernard
et al. 2009), has recently led to the interpretation that this nanoporosity results from the exsolution
of gaseous hydrocarbons during the secondary thermal cracking of retained oil (e.g., Bernard et al.
2012a,b). The XANES signatures of nanoporous organic particles from thermally mature sam-
ples of Barnett and Posidonia Shales are indeed consistent with thermally altered bitumen—i.e.,
as pyrobitumen compounds—while the nonporous organic particles observed within the same
samples exhibit XANES signatures consistent with overmature kerogen (Figure 4) (Bernard et al.
2012a,b). Surprisingly, the XANES signatures of bitumen and nanoporous pyrobitumen residues
in the samples investigated in these studies reveal a significant concentration of heteroatoms,
which have been interpreted as partly resulting from hydrothermal brine circulation (Bernard
et al. 2012a,b).

www.annualreviews.org • Thermal Maturation of Gas Shale Systems 643



EA42CH26-Bernard ARI 16 April 2014 12:9

Gas mature

2 µm2 µm1.45% Ro1.45% Ro1.45% Ro

0.85% Ro0.85% Ro0.85% Ro

0.5% Ro0.5% Ro0.5% Ro

Immature

1 µm1 µm

Posidonia Shale

Energy (eV)

280 290 300 310285 295 305 320315

2
8

5
2

8
5

.3

2
8

6
.7

2
8

8
.5

2
9

0
.6

2
8

9
.5

2
8

7
.7

2
8

8

2
8

6
.4

2
9

0
.3

Bitumen

Gas-mature kerogen

Oil-mature kerogen

Immature kerogen

Pyrobitumen

Barnett Shale

Oil mature

1.5 µm1.5 µm

Immature

2 µm2 µm

Oil mature

2 µm2 µm

Gas mature

1 µm1 µm

Posidonia

Barnett

Posidonia

Barnett

Posidonia

Barnett

Posidonia

Barnett

Posidonia

Barnett

X
-r

a
y

 a
b

so
rp

ti
o

n

Carbonate

K-rich mineral

1.5% Ro1.5% Ro1.5% Ro

0.8% Ro0.8% Ro0.8% Ro

0.45% Ro0.45% Ro0.45% Ro

Figure 4
Focused ion beam scanning electron microscopy (FIB-SEM) images in backscattered electron (BSE) mode of three Posidonia Shale
samples (left) and scanning transmission electron microscopy (STEM) images in high-angle annular dark-field (HAADF) mode of three
Barnett Shale samples (right), showing organic matter (dark regions). These two sets of samples constitute two natural maturation series.
Organic masses evolve from nonporous immature kerogen in immature samples (Ro ≈ 0.5%) to bitumen and nonporous oil-mature
kerogen in oil-mature samples (Ro ≈ 0.8%) and to nonporous gas-mature kerogen and nanoporous pyrobitumen in gas-mature samples
(Ro ≈ 1.5%). The scanning transmission X-ray microscopy (STXM)-based X-ray absorption near edge structure (XANES) spectra of
these different organic compounds are shown in the center. Absorption features at 285 and 285.3 eV are attributed to electronic
transitions of aromatic groups; 286.4 and 286.7 eV to ketonic or phenolic groups; 287.7 and 288 eV to aliphatic groups; 288.5 eV to
hydroxyl groups; 289.5 eV to carbonate groups; and 290.3 and 290.6 eV to alkyl carbon. Modified from Bernard et al. (2012a,b, 2013).

6. CONCLUDING REMARKS

In contrast to conventional systems, gas shales constitute self-contained source-reservoir systems
of large continuous (unconventional) dimensions. Because the fundamental microstructural and
geochemical properties of gas shales differ markedly from those of traditional petroleum reser-
voirs, many conventional analysis techniques have proven more complex to apply and interpret
for such unconventional source-reservoir systems. As detailed in this article, recent efforts have
been made to better assess the geochemical nature of the various constituents of gas shale sys-
tems and to better document their microstructure down to the nanoscale. Although key scientific
questions regarding transport mechanisms in unconventional gas shale reservoirs remain, these
recent efforts will undoubtedly help to improve the reliability of the kinetic models used to pre-
dict the amount and composition of hydrocarbons generated within such complex self-contained
source-reservoir systems. Because of the high degree of interdependence between rock fabric,
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gas transport, and recovery in such unconventional reservoirs, forthcoming research should fo-
cus on better understanding the fundamental physics governing transport in order to facilitate
exploration and production efforts.

SUMMARY POINTS

1. Shale gas systems do not form homogeneous and featureless deposits but instead exhibit
microscale and nanoscale chemical and mineralogical heterogeneities, which directly
result from their depositional environments and diagenetic processes.

2. Thermal cracking of organic matter with a high generation potential, followed by sec-
ondary cracking of liquids, and lastly by cracking of residual methyl groups, forms the
major portion of the gas.

3. The changes in temperature and especially pressure during uplift cause migration and
fractionation effects associated with changes in adsorptive properties and gas-liquid phase
behavior, respectively.

4. Imaging gas shale nanopores requires high-quality preparation and imaging techniques
such as argon milling or FIB-SEM imaging to preserve the fine details of microstructure
with minimal artifacts.

5. In addition to pores related to the mineral matrix, most of the recent studies have doc-
umented intraorganic pores that have irregular, bubble-like, elliptical cross sections and
generally range between 5 and 500 nm in length in thermally mature gas shales.

6. The use of synchrotron-based STXM has recently allowed the nanoporous organic par-
ticles observed within thermally mature gas shale samples to be identified as thermally
altered bitumen, i.e., as pyrobitumen compounds.

FUTURE ISSUES

1. Key scientific questions remain regarding the fundamental physics governing transport
mechanisms within and mechanical properties of unconventional gas shale reservoirs to
ensure efficient and safe oil and gas production from shales.

2. Although recent efforts have allowed better assessment of the geochemical nature of
gas shale systems, process understanding in time and space remains fragmentary con-
cerning phase behavior prediction, during polyphasic geological history but also during
production.

3. As interest in gas shales has recently been superseded by the search for and production
of liquids in shales and associated strata, better documenting polarity and wettability of
shale formations has de facto become a new challenge.

4. Future research should also be directed toward improved strategic accumulative risk
assessment tools and methodologies that may ensure the minimization of the environ-
mental impact of oil and gas production from shale and of potential hazards that might
arise from shale gas activities.
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