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From Source Rock to Reservoir: 
The Evolution of Self-Sourced 
Unconventional Resource Plays

INTRODUCTION
Due primarily to the rapid development of unconven-
tional hydrocarbon resources, North America is currently 
experiencing unprecedented growth in its domestic energy-
resource base. This new production is attributable to recent 
advances in hydraulic fracturing technologies that enable 
both gas and liquid hydrocarbons to be produced directly 
from their respective source rocks. Conversely, conven-
tional reservoirs contain hydrocarbons that have migrated 
from their source rocks, often over considerable distances, 
and were structurally and/or stratigraphically trapped. 
Conventional reservoirs usually occur in rocks that have 
favorable reservoir qualities such as high porosity and 
permeability, so that drainage is the primary mechanism 
by which hydrocarbons are initially recovered.

Because of their fi ne-grained nature, shale source rocks 
have low porosities and vanishingly low permeabilities, on 
the order of nanodarcies (Javadpour 2009; Sondergeld et al. 
2010a, b). Matrix permeability, together with the viscosity 
of the reservoir fl uid, controls hydrocarbon mobility and 
production effi ciency (Bohacs et al. 2013). Economic 
production of hydrocarbons from unconventional shale 
source rocks is only possible if the rocks are stimulated 
by hydraulic fracturing in order to enhance the overall 
permeability and its connectivity to the wellbore. 

In this paper, we review (1) the basic 
concepts of hydrocarbon source 
rock formation, (2) the preserva-
tion of organic matter, and (3) the 
generation of hydrocarbons as a 
result of thermal maturation. We 
briefl y discuss the mineralogical 
and geochemical characteristics 
exhibited by organic-rich source 
rocks, mostly from established 
North American plays. We also 
discuss how source rock porosity 
evolves with thermal maturity 
and how the evolution of organic 
matter (OM) porosity is key for the 
storage capacity of shale source 
rocks. Finally, we introduce the 
geochemical aspects of the role of 
water used in hydraulic fracturing 
and the consequences of its inter-
actions with the inorganic shale 
matrix. 

WHAT IS A SOURCE ROCK?
A defi ning characteristic of a source rock is that it is rich 
in organic material that has survived deposition, varying 
degrees of biodegradation/bioturbation/oxidation, burial, 
diagenesis, and subsequent tectonism (Horsfi eld and 
Rullkotter 1994). The most abundant type of OM found in 
crustal sedimentary rocks is kerogen, a fossilized macromo-
lecular insoluble form of OM (Vandenbroucke and Largeau 
2007). Organic-rich source rocks include fi ne-grained 
sediments deposited both in marine and continental 
lacustrine environments, with a spectrum of source rocks 
representing variable contributions of organic matter and 
clastic sedimentary input. The depositional environment 
controls the primary type of OM that is formed (Tissot 
and Welte 1984). 

MINERALOGY OF SOURCE ROCK SHALE
Source rock shales display strong textural and composi-
tional heterogeneity on a submillimeter scale (FIG. 1). They 
are composed essentially of clays, quartz, carbonate, and 
OM, with subordinate to minor amounts of feldspar, mica, 
pyrite, and sulfate minerals. FIGURE 1 shows the miner-
alogical and textural diversity observed in source rocks 
from three unconventional shale gas plays in the United 
States: the Cretaceous Eagle Ford Formation in southwest 
Texas, the Upper Jurassic Bossier and Haynesville shales 
from northwest Louisiana, and the Mississippian Barnett 
Shale from north Texas. The Eagle Ford Formation is not 
strictly a shale or mudstone. It is a marl, consisting of 
fossiliferous carbonate material (up to 90%) and a minor 

From a geological perspective, the exploration of shale source rocks is 
relatively straightforward. Advances in stimulation technologies, such 
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fraction of biosiliceous radiolarian tests and sponge 
spicules (Ozkan et al. 2013). The Bossier and Haynesville 
shales contain much less carbonate material, with almost 
equal volumes of quartz and clay minerals, and variable 
carbonate content. By comparison, the Barnett Shale is 
unusually quartz rich due to its high content of biosili-
ceous silica (Loucks et al. 2009). Recrystallization of the 

amorphous silica during burial and diagenesis imparts a 
brittle character to the Barnett Shale that is highly desir-
able in hydraulic fracturing and enhances the producibility 
of source rock reservoirs (Buller et al. 2010). By contrast, 
the most silica-rich section of the Devonian Marcellus 
Formation (northern Appalachian Basin, USA) is the least 
brittle and also contains the highest volume fraction of 
total organic carbon (TOC) (Lash and Engelder 2011). 

GEOCHEMISTRY AND PRESERVATION 
OF ORGANIC MATTER
Throughout geological time, there have been episodes of 
prolifi c organic productivity in the global oceans. One such 
example is the global Oceanic Anoxic Event, commonly 
referred to as OAE-2 (Schlanger and Jenkyns 1976). During 
this time of Earth history (ca 93.5 Ma), greenhouse climatic 
conditions prevailed, resulting in the deposition of some 
of the richest organic-rich source rock sediments on the 
planet. One example is the Eagle Ford Formation (Driskill 
et al. 2012; Macaulay et al. 2013). 

Once deposited, OM is readily degraded and lost in oxic 
environments, either through digestion and bioturba-
tion by bottom-dwelling organisms or through oxidation. 
Preservation of primary OM is enhanced in low-oxygen 
environments where reducing conditions prevail. It is the 
preservation of OM through geological time that defi nes 
the best unconventional shale source rock reservoirs. 
Evidence for anoxic conditions may be inferred from the 
trace element geochemistry of organic-rich source rocks, 
particularly uranium, vanadium, and molybdenum. 
Uranium content is commonly associated with high levels 
of OM. Due to its reduced solubility at low Eh, it is a good 
proxy for reducing conditions related to the deposition 
and preservation of OM (Partin et al. 2013). For example, 
the Lower Eagle Ford Formation contains higher uranium 
concentrations than does the Upper Eagle Ford (FIG. 2). 
The heavily bioturbated Upper Eagle Ford contains on 

FIGURE 1 Ternary plot showing the range of mineralogical 
composition in shale source rocks from three major 

unconventional source rock plays in North America. Average 
Barnett shale (Texas, USA) compositions: purple circle = siliceous 
mudstone, gold circle = lime mudstone (Loucks and Ruppel 2007). 
Carbonate-rich rocks from the Eagle Ford Formation (Texas, USA) 
are marls (in oval), as described in the text.

FIGURE 2 Thorium versus uranium plot for the Eagle Ford 
Formation in Texas, USA (left). Red lines separate fi elds 

of organic-rich Lower Eagle Ford from organic-lean Upper Eagle Ford 
and Buda limestone. Consistent with the data in FIGURE 3, the 
organic-rich Lower Eagle Ford Formation (blue) is readily 

 distinguished from the lean Upper Eagle Ford Formation (pink) by 
its high uranium content and by its gamma-ray log response (black 
curve, central panel). The right panel shows a mineral log: yellow = 
quartz, blue = carbonate, brown = clay, and grey = sulfur-bearing 
minerals dominated by pyrite. Depth is in feet. 



ELEMENTS AUGUST 2014273

average 2 wt% TOC while the Lower Eagle Ford contains 
on average 6 wt% TOC. Vanadium and molybdenum are 
also good indicators of anoxia and are associated with the 
preservation of primary OM (FIG. 3). 

MATURATION OF ORGANIC MATTER
When buried, organic-rich sediments undergo compaction 
and dewatering during which the OM undergoes thermal 
maturation, resulting in the cracking of kerogen macerals 
to produce a range of hydrocarbon products (FIG. 4). A 
relative measure of thermal maturity is the vitrinite refl ec-
tance (VRo). VRo is a measure of the percent of incident 
light of a given wavelength refl ected off the surface of a 
polished sample of vitrinite (one of the main components 
of coal). It is measured under oil and commonly reported 
as % Ro. The original scale for VRo measurements was 
based on the level of metamorphism determined on coals, 
i.e. vitrinite (Hood et al. 1975). Establishing the level of 
thermal maturity in source rocks with vitrinite macerals 
is relatively straightforward. In marine source rocks, 
however, the amount of vitrinite is commonly quite low, 
particularly for rocks older than the Upper Devonian, when 
land plants developed. Therefore, for older marine source 
rocks, establishing reliable estimates of thermal maturity 

becomes more challenging, and for rocks that contain no 
vitrinite at all, proxies for thermal maturity are based on 
fossil material such as spores and graptolites (Stasiuk 1994). 
In overmature source rocks, such as the Haynesville and 
Marcellus gas shales, very little vitrinite remains in the 
rock, particularly at high levels of thermal maturity where 
all liquid hydrocarbons are cracked to solid OM such as 
pyrobitumen. This thermal cracking of liquid hydrocar-
bons is commonly referred to as oil to gas cracking (OTGC). 
The type of OM remaining in a rock is a function of source 
rock type, refl ecting marine (algal or benthic) or terrestrial 
(coal or plant debris) origin. 

At low levels of thermal maturity, bituminous material is 
generated and subsequently converted to low-maturity black 
oil. With progressive increase in pressure and temperature 
during burial, hydrocarbon products become more gas rich 
and transition progressively from black oil through wet gas 
and retrograde gas condensate, and at the highest levels 
of thermal maturity, to dry gas dominated by methane. 
Expulsion and retention are clearly competing processes 
during the generation of hydrocarbons in a source rock. 
The lack of migration potential of hydrocarbons out of 
source rock shale is what ultimately defi nes an economic 
unconventional resource play. FIGURE 5 shows the areal 
distribution of hydrocarbons produced in the Eagle Ford 
shale/marl. The distribution of hydrocarbon types shows 
a maturity sequence increasing from the northwest to the 
southeast, progressing from low-pressure black oil to high-
pressure oil and then to a gas-rich condensate liquid and 
to dry gas dominated by methane in the south.

POROSITY DEVELOPMENT 
AND STORAGE CAPACITY 
Porosity development in OM increases as a function of 
thermal maturity due to the progressive generation of 
hydrocarbons (FIG. 6). Due to low permeability, not all 
of the liquid hydrocarbons are able to migrate out of the 
source rock. At higher temperatures, liquid hydrocarbons 
may be cracked to gas in oil to gas cracking (FIG. 4; Stasiuk 
1997). Many studies have documented the development of 
porosity with progressive maturation of OM in organic-rich 

FIGURE 3 Paleoredox plot of the V/
Mo ratio versus molyb-

denum content for the Eagle Ford 
Formation (Texas, USA). The Lower 
Eagle Ford samples have a V/Mo ratio 
approaching that of seawater, indicating 
anoxic depositional environments. The 
Upper Eagle Ford has both low molyb-
denum values (ppm level) and V/Mo 
ratios, indicating more oxic conditions 
at the time of deposition. Several Lower 
Eagle Ford samples have a relatively low 
V/Mo ratio, indicating more oxic condi-
tions. The stratigraphic distribution of 
the samples using a 20 ppm Mo cut-off 
for anoxic sediments is displayed on the 
right (after Piper and Calvert 2009). 
Depth is in feet.

FIGURE 4 Schematic representation of kerogen conversion to 
hydrocarbon products, including thermogenic oil, 

thermogenic gas, and secondary products such as pyrobitumen 
formed by oil to gas cracking. Blue arrows represent secondary 
cracking of oil to thermogenic gas and/or pyrobitumen. Red arrows 
represent microbial degradation of primary oil to microbial gas and 
bitumen. After Jarvie et al. (2007)
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source rocks (e.g. Milliken et al. 2012). In low-maturity 
source rocks, OM porosity is minor and diffi cult to detect, 
even using modern imaging techniques such as FIB-SEM 
methods. With progressive maturation and hydrocarbon 
generation, OM porosity becomes more obvious. Porosity 
is recognized as a signifi cant contributor to both hydro-
carbon storage capacity in source rock reservoirs and for 
providing pathways for hydrocarbon transport from the 
hydrocarbon wetting phases in the shale matrix, to the 
hydraulic fracture face, and ultimately to the wellbore 
(Wang 2009). FIGURE 6 shows examples of porosity develop-
ment in OM from the Eagle Ford Formation and an example 
of pyrobitumen from the Bossier shale formed by OTGC 
at a Ro of ~2.5%. 

Relationship between TOC and Porosity
The relationship between TOC, porosity, and storage 
capacity in organic-rich source rocks is not simply a 
function of maturity (FIG. 7). Moreover, the fact that 
organic-rich shale may contain a high TOC content is no 
guarantee that it will also have adequate storage capacity 
for hydrocarbons. As seen in FIGURE 7, despite relatively 

high thermal maturities (e.g. Woodford Formation with 
Ro of ~2 to 3%), most of the high-TOC shales show little 
to no porosity. 

Dual-Porosity Networks
Imbibition experiments with dodecane and water estab-
lished the presence of two different porosity networks in 
organic-rich shales (Odusina et al. 2011). One porosity 
system is water wetting, where water is imbibed either 
via osmosis and diffusion processes or capillary action 
(Bryndzia 2012; Engelder 2012). The other porosity 
network is oil wetting and is associated with OM in the 
shale. This network is best characterized via imbibition 
with an organic solvent such as dodecane. The different 
pore networks may also be characterized using nuclear 
magnetic resonance techniques (Odusina et al. 2011). 

PROPERTIES OF UNCONVENTIONAL 
SOURCE ROCK RESERVOIRS
Capillary forces are high in fi ne-grained, clay-rich rocks, 
and permeability is typically low, such that hydrocarbons 
cannot readily escape from the matrix. Due to the genera-
tion of hydrocarbons, particularly gas, shale source rocks 
are also able to generate and retain high pore pressures. 

FIGURE 6 Examples of porosity development in organic matter 
within source rocks. (A) Coccoliths from the Eagle 

Ford Formation (Texas, USA) containing bitumen in which there is 
no visible porosity development (Ro 0.3%). Red bar in (A) is 20 μm. 
(B) Start of porosity development in OM from a more mature 
(Ro 0.65%) example of the Eagle Ford Formation. 

(C) Spongiform texture formed in pyrobitumen from the Bossier 
Formation (Louisiana, USA). The maturity of this sample is ~2.5% 
Ro and shows the enhanced storage capacity that can develop 
in OM in overmature shale source rocks as a result of oil to gas 
cracking. Compare with OM porosity in (B), which corresponds to 
a maturity of ~0.65% Ro.

A
B C

FIGURE 5 Areal distribution of 
hydrocarbons in the 

Eagle Ford shale play (Texas, USA). 
Maturity in this play increases 
from the northwest to the south-
east and spans a belt of low- to 
high-pressure black oil (green), 
retrograde gas condensate (wet 
gas; pink), and at the highest 
levels of thermal maturity, dry gas 
(red) dominated by methane. Stars 
represent the cities of Houston, 
San Antonio, and Laredo.
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For example, the Haynesville gas shale and Marcellus shale 
have fl uid pressure gradients that are estimated to be on 
the order of ~0.9 and ~0.85 psi/ft, respectively (Engelder et 
al. 2014). When appropriately stimulated, such high pore 
pressures contribute to the economic rates of production 
of source rock reservoirs (Wan et al. 2013). Where source 
rock reservoirs are breached due to tectonic activity and 
faulting, as in the case of the Marcellus shale, thermogenic 
gas may actually seep to the surface (Etiope et al. 2013). In 
such cases, loss of gas from the shale formation may result 
in a risk to production due to loss of gas pressure. 

As a result of deposition, compaction, diagenesis, and 
recrystallization of clay minerals (e.g. diagenesis of smectite 
to illite), organic-rich shales develop intrinsic layering and 
display vertically transverse isotropy. This results in strong 
anisotropy in both horizontal and vertical elastic and 
mechanical rock properties (Lucier et al. 2011). Together 
with anisotropic rock properties, the orientation of the 
contemporary tectonic stresses has signifi cant bearing 
on the distribution of minimum horizontal stresses in 
the subsurface. This impacts the planning and design of 
hydraulic fracturing programs because horizontal wells 
are drilled at right angles to the maximum horizontal 
stress (SHmax), and hydraulic fractures propagate along the 
minimum horizontal stress orientation (SHmin) (Higgins 
et al. (2008). 

Late-stage OTGC generates prodigious volumes of methane, 
resulting in high gas saturation of the shale source rock and 
the formation of a solid carbon residue, commonly referred 

to as char or pyrobitumen (Stasiuk 1997). Expulsion and 
migration of large volumes of dry gas also removes most 
of the mobile water in the source rock shale. Because of 
the membrane-fi ltration capacity of very fi ne-grained, 
clay-rich, low-permeability rocks such as shales, relatively 
fresh, low-salinity water is expelled during compaction and 
kerogen maturation. This results in high concentrations 
of water-soluble ionic components remaining in the shale 
matrix. Most of the solute load and any residual water 
remaining in the inorganic shale matrix probably exist as 
complexes associated with clay mineral surfaces (Bryndzia 
2012). 

FUTURE CONSIDERATIONS
Common consequences of hydrocarbon generation in 
source rocks include: 

1.  High gas saturations with little to no mobile water, 

2.  Development of fl uid pressures in excess of hydrostatic 
(i.e. overpressures), and

3.  Unusually high concentrations of ions associated with 
clay mineral surfaces. 

An organic-rich source rock having attributes (1) and (2) 
is an attractive target for unconventional hydrocarbon 
development. However, attribute (3) is more problematic. 
When gas shale is subject to hydraulic fracture stimula-
tion using fresh water, the water undergoes rapid exchange 
with the shale matrix as a result of a coupled osmosis–
diffusion process, resulting in fl owback waters that have 
unusually high salinities (Blauch et al. 2009; Gregory et 
al. 2011; Bryndzia 2012). Due to imbibition, only a small 
fraction (10 to 20%) of the water used in hydraulic fracture 
stimulation is ever recovered (Bryndzia 2012; Striolo et al. 
2012; Engelder et al. 2014). The availability, treatment, and 
disposal of this water represent a nontechnical risk to the 
sustainable development and economic viability of some 
unconventional source rock resource plays. The sustainable 
use of limited water supply in the exploitation of unconven-
tional resource plays is also the focus of ongoing research, 
both within major exploration and production companies 
as well as in academia and regulatory agencies (Striolo et 
al. 2012; Bunger et al. 2013).
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FIGURE 7 Total organic carbon (TOC)–normalized surface area 
of organic-rich gas-bearing shale from several estab-

lished shale gas plays in North America. The total surface area 
accessible to N2 gas is a proxy for porosity and an indicator of the 
potential storage capacity for gas in these shales. The data are from 
Valenza et al. (2013).
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