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Abstract
Shales andmudstones are fine-grained sedimentary
rocks of global extent and considerable economic
importance. Dating them is not straightforward,
because clay minerals such as illite can reset
isotopic systems during diagenesis. K-Ar, Ar-Ar
and Rb-Sr dates of shales therefore often record
diagenetic events rather than deposition. Sm-Nd
and detrital-zircon U-Pb data mainly constrain
provenance, whereas Re-Os data from organic-rich
mudrocks can give depositional ages, and Re-Os
data from oils constrain hydrocarbon generation.
U-Pb dating of zircon from interbedded volcanic
ash provides the most direct depositional age.
Carbon-isotope excursions, elemental ratios,
redox-sensitive trace metals, rare earth elements
and iron-sulfide systematics can be used to correlate
shale successions. Fossils such as trilobites,
graptolites, conodonts, cephalopods, foraminifera
and calcareous nannoplankton help to date, and
hence correlate, shales. Shale bodies can bemapped
in the field by conventional methods. In the
subsurface, gamma-ray and spontaneous-potential
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(SP) logs identify shale intervals, unless the
beds are very thin, and allow shale volume to be
estimated.
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Abbreviations

Abbreviation Definition

API American Petroleum Institute (gamma-ray unit)
CIA Chemical index of alteration
DSDP Deep Sea Drilling Project
FAD First appearance datum
IODP Integrated Ocean Drilling Program (2003–2013)

/ International Ocean Discovery Program
(2013–present)

LA-ICP-MS Laser ablation inductively coupled plasma mass
spectrometry

LAD Last appearance datum
LIP Large igneous province
Ma Mega-annum (age)
MTD Mass-transport deposit
Myr Million years (duration)
ODP Ocean Drilling Program
REE Rare earth element
RSTM Redox-sensitive trace metal
SP Spontaneous potential
TOC Total organic carbon
Tmax Temperature of maximum S2 hydrocarbon yield

during Rock-Eval pyrolysis
XRD X-ray diffraction
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1 Introduction
The terms claystone, mudstone (mudrock),
argillaceous rock and shale have been used almost
synonymously [1]; see [2] for a detailed discussion.
Shales and mudstones make up about two-thirds
of the stratigraphic record [3]. They act as source,
reservoir and seal rocks; the accumulation of organic
carbon in shale successions is governed by the
interplay of primary production, decomposition and
dilution [1, 4], which is why shale research matters
in geoscience. A lithological unit described as a
“shale member” may consist of siltstone-sandstone
alternations at its base and mainly mud at its top [5].
Fine-grained (mud) turbidites may comprise mud
with silt laminae, graded mud or ungraded mud, so
that mud-dominated successions can contain several
types of turbidite and a range of grain sizes [6].

Shales may accumulate from “hemipelagic rain” in
deep-marine settings, or be supplied by hyperpycnal
flows, turbidity currents, storm and wave reworking
(tempestites) and bottom-hugging slope currents
(contourites) [7]. Flume experiments have further
shown that mud can be deposited from migrating
floccule ripples under currents strong enough to move
sand [8]. Mudstone bodies may be continuous or
discontinuous, and may form wedges, drapes and
mounds [3].

Black shales are commonly laminated and rich in total
organic carbon (TOC) [9]. “Hot” shales, which are
commonly of Ordovician, Silurian or Devonian age,
are enriched in both TOC and uranium [7]. Black
shales form not only in deep-water epicontinental
basins but also during rapid transgressions [10] and
during episodes of widespread oceanic anoxia, as in
the Cretaceous [11].

This review summarises the chronostratigraphy,
chemostratigraphy and biostratigraphy of shale bodies,
and the field and geophysical (well-log) methods used
to map them.

2 Importance of shale in hydrocarbon
geoscience: the fossil angle

Mudstones and shales are essential components of
the petroleum system, together with reservoir rocks
and traps [12]. Shales have prominent bedding and
lamination, with well-developed fissility along which
they split into thin sheets parallel to bedding [13].
The platy habit, large surface area and small pore
size of clay minerals favour the preservation and
retention of organic carbon, making mudstones and

shales potential source rocks. Small pores also
hold little oxygenated pore water, which protects the
stored organic carbon from oxidation and alteration.
Organic matter therefore becomes concentrated in
shales deposited in anoxic settings. Organic carbon
preservation in shales is controlled mainly by the
depositional setting (primary productivity, bottom-
and pore-water oxygen concentration, the oxygen
minimum zone, the supply of very fine particles and a
high sedimentation rate), by the type of clay mineral
and by the available mineral surface area [14, 15]. Clay
minerals also hold structural water in their lattices. On
heating, this water is released as vapour and can build
up overpressure, which fractures the rock and opens
migration pathways for oil [16].

Knowledge of fine-grained clastic sediments, both
consolidated and unconsolidated, has grown rapidly
since the mid-twentieth century. This growth was
driven by international scientific drilling-the Deep Sea
Drilling Project (DSDP), the Ocean Drilling Program
(ODP), the Integrated Ocean Drilling Program (IODP,
2003-2013) and the International Ocean Discovery
Program (IODP, 2013-2024)-as well as by rising energy
demand and research on source rocks.

The fine grain size, small pores and possible deposition
in calm environments make shales and mudstones
an ideal medium for preserving fossils. Klemme and
Ulmishek [17] showed that effective source rocks are
concentrated in the Phanerozoic and are unevenly
distributed through it. Six stratigraphic intervals,
which together span only ∼30% of Phanerozoic time,
generated 91.5% of the world’s discovered original oil
and gas reserves (Table 1). The oldest of these six
intervals is the Silurian, which accounts for∼9% of the
reserves. The next is the Upper Devonian-Tournaisian
(lower Carboniferous), with 8%, followed by the
Pennsylvanian (upper Carboniferous)-Lower Permian,
with ∼8%. The largest share (∼54%) comes from
Mesozoic source rocks: the Upper Jurassic accounts for
∼25% and the middle Cretaceous (Aptian-Turonian)
for ∼29%. The youngest interval, Oligocene-Miocene,
contains ∼12.5%.

The remaining 8.5% is distributed as follows:
Upper Proterozoic (0.2%), Cambrian-Ordovician
(1%), Lower-Middle Devonian (0.3%), Middle-Upper
Mississippian (0.4%), Permian-Middle Jurassic (1.2%),
Lower Cretaceous (2.6%) andUpper Cretaceous-lower
Paleogene (2.8%). The oldest effective source rocks
are therefore Upper Proterozoic (Neoproterozoic).
Most of these source rocks are shales or mudstones.
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Table 1. Shares of effective source rocks through geological time. Only the six major intervals, which together account for
91.5% of the world’s discovered original oil and gas reserves, are listed (after Klemme and Ulmishek [17]).

Interval Share
(%)

Basin/province [source rocks]

Oligocene-Miocene 12.5 East Venezuela-Trinidad, Maracaibo [Oficina Fm and equivalents; deltaic and
prodeltaic shales]; Niger Delta [Akata and Agbada Fms; deltaic shales];
Mackenzie Delta [Tertiary deltaic shales]; Mahakam Delta [Miocene deltaic
shales]; Californian basins [Monterey Fm; diatomaceous shale]; Gulf Coast
and Mississippi Delta [Tertiary marine and deltaic shales]; Indonesian basins
[Pematang Brown Shale and Banuwati Shale, lacustrine shales; Talang Akar
Fm, fluviodeltaic shale]; North Kalimantan (Baram Delta) [Miocene deltaic
shales]; North China, Biyang, Nanxiang, Jianghan [lacustrine shales]; South
Caspian and North Caucasus [Maykop Series and middle Miocene marine
shales]; Suez [Rudeis Fm; marine shales]; Carpathians (Ploiesti and western
Ukraine) [Menilite Shale; marine shale]

Aptian-Turonian 29 Arabian-Iranian [Kazhdumi Fm; marine shales and limestones]; Maracaibo
[La Luna Fm; marine shales and limestones]; East Venezuela, Middle
Magdalena, Llanos Orientales [Querecual and La Luna Fms; marine shales
and limestones]; Alberta, Overthrust, Green River [Mannville Fm; marine
shales and equivalents]; Gulf Coast [marine shales]; Amu Darya, North
Caucasus, Crimea [Aptian-Albian marine shales]; North Atlantic basins
[upper Neocomian-Aptian lacustrine and marine shales; Turonian marine
shales]; West Siberia (northern) [Pokur Fm (Albian-Cenomanian);
continental clastic rocks]; North Slope [HRZ shale; Hue Shale; marine
shales]; Songliao [Qingshankou and Nenjiang Fms; deep lacustrine shales]

Upper Jurassic 25 Arabian-Iranian [Hanifa, Diyab/Dukhan and Sargelu Fms; marine shales,
marls and limestones]; West Siberia [Bazhenov Fm; marine siliceous shales
and carbonate rocks]; North Sea, Greenland Sea [Kimmeridge Clay Fm and
equivalents; marine siliceous shale]; Gulf of Mexico (Gulf Coast,
Reforma-Campeche, Tampico-Chicontepec) [Kimmeridgian-Tithonian
marine shales and carbonate rocks]; North Caucasus, Amu Darya
[Khodzhaipak Fm; Upper Jurassic sub-salt rocks; marine shales and
limestones]

Pennsylvanian-Lower
Permian

8 Anadarko, Permian [Pennsylvanian-Guadalupian basinal facies; marine
shales]; southern North Sea [Westphalian Coal Measures]; North Caspian
[Carboniferous-Lower Permian basinal facies; marine shales and carbonate
rocks]; Bighorn, Powder River, Wind River, Uinta, Piceance [phosphatic shale
members of the Phosphoria Fm; marine shale]; Vilyuy [Permian continental
clastic rocks]; Sichuan [Yangxin Fm; argillaceous limestones]; Cooper
[Gidgealpa Group (Permian); coal measures]

Upper
Devonian-Tournaisian

8 Volga-Ural, Timan-Pechora, North Caspian [Domanik Fm and facies
equivalents; marine shales and carbonate rocks]; Alberta [Duvernay, Ireton
and Exshaw Fms; marine shales]; Anadarko, Permian [Woodford Shale;
marine shales]; Appalachian [Chattanooga Shale; marine shales]; Williston,
Michigan, Illinois [New Albany Shale, Antrim Shale, Bakken Fm]; Pripyat,
Dnieper-Donets [Upper Devonian-Tournaisian marine shales and carbonate
rocks]; Illizi [Upper and Middle Devonian marine shales]

Silurian 9 Arabian-Iranian [Gahkum and Tabuk Fms; graptolitic shales]; Erg Oriental,
Erg Occidental [Silurian graptolitic shale]; Permian, Anadarko [Silurian
marine shale]; Michigan [Niagara Fm; off-reef carbonate rocks]

Total 91.5

3 Chronostratigraphy
Dating shale successions directly is difficult. The
minerals most commonly analysed-clay minerals,

particularly illite and mixed-layer illite-smectite-are
largely diagenetic products and do not behave as
closed systems from the time of deposition [18]. The
main problem is the mobility of potassium (K), which
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is redistributed during burial diagenesis. K-Ar dates
of shale clay fractions are therefore much harder
to interpret than K-Ar dates of unaltered igneous
minerals [19–21].

Perry [19] showed that K-Ar ages of mixed-layer
illite/smectite in Gulf Coast shales become
progressively younger with burial depth, the
opposite of what a closed-system model would
predict. The cause is now well understood: during
burial, detrital illite and K-feldspar dissolve and
supply K to newly forming diagenetic illite, and this
addition of K without accumulated radiogenic 40Ar
lowers the apparent age of the bulk clay fraction.
Meunier [18] showed that K fixation in the clay
fraction increases with depth. For this reason, K-Ar
dates of shale clay separates may decrease downhole,
an artefact of progressive illitisation rather than a
stratigraphic signal.

A second problem is argon retention in the finest illite
fractions. Very small illite crystals (< 0.02 µm) may
lose some radiogenic 40Ar by recoil during 40K decay,
although the net loss is expected to be small [20–22].
Whether very fine illite retains all of its 40Ar therefore
remains open, and apparent ages from the smallest size
fractions should be treated with caution, particularly
where several generations of illite are mixed.

Where a basin contains several generations of illite
formed during separate diagenetic episodes, or has
experienced local hydrothermal or fault-related fluid
flow, a date from a bulk sample may represent a
mixture of populations and correspond to the true
age of none of them. Such mixed dates have no direct
stratigraphic meaning. Size-fraction separation and
petrographic and XRD characterisation of the illite
populations [23, 24] are needed before any age is given
a stratigraphic interpretation.

K-rich micas dated by K-Ar and Ar-Ar likewise tend
to record late diagenetic rather than depositional
ages, reflecting the same resetting problem [3].
Where provenance information is needed, isotopic
systems that are less sensitive to K mobility are
preferred. Whole-rock or clay-fraction Sm-Nd is one
such system [18]: Sm and Nd are comparatively
immobile during diagenesis, so the data record the
average signature of the detrital source rather than the
time of deposition. The Rb-Sr method [23] can also
be applied to shales and pelitic sediments. However,
Rb-Sr ages of clay separates are affected by the same
illitisation and K-Rb redistribution as K-Ar ages, and
their reliability depends on separating authigenic clay

from detrital grains [25, 26].

U-Pb dating of detrital zircon gives a different and
complementary line of evidence, because zircon
is highly resistant to diagenetic and metamorphic
resetting. U-Pb ages of zircon grains recovered from
shales do not date deposition; they constrain sediment
provenance, that is, the crystallisation ages of the
source rocks fromwhich the zircons were derived, and
they provide a maximum depositional age [27].

A more direct route to a depositional age exists where
volcanic ash beds are interbedded with the shale, as in
the Eagle Ford black shales of South Texas. Zircon
in an ash fall crystallised shortly before eruption
and deposition, so U-Pb ages of ash-bed zircon give
precise depositional ages for the enclosing shale, free
of the diagenetic complications of clay-based methods.
Where datable ash horizons are present, this is the
preferred method. In the Cenomanian-Turonian Eagle
Ford Shale, LA-ICP-MS U-Pb dating of zircon from ash
beds in five subsurface cores gave ages of 95.5–93.2 Ma,
consistent with the Cenomanian-Turonian boundary
and limiting the sampled depositional interval to
∼2.3Myr [28]. The same study found that zircon from
outcrop “black shale” samples of similar appearance
did not yield Eagle Ford ages but matched the younger,
overlying Austin Chalk. Lithological similarity alone
is thus an unreliable guide to chronostratigraphic
position, and ash-bed geochronology should be used
wherever possible.

Whole-rock Re-Os isotope systematics is a further, less
widely applied tool. Allègre and Luck [29] established
the framework for Os isotopes as petrogenetic
and geological tracers. In organic-rich mudrocks,
whole-rock Re-Os isochrons commonly yield
depositional ages [30], whereas Re-Os data from oil
and bitumen can constrain the timing of hydrocarbon
generation and migration [31]. In practice the results
can be disturbed by post-depositional mobility of
Re and Os, by thermal maturation and by later
tectonic or impact-related events. Re-Os ages from
shales should therefore be cross-checked against
independent maturity indicators (e.g. vitrinite
reflectance, Rock-Eval Tmax) before they are given
geological significance.

In summary, the isotopic method must be matched
to the question being asked. K-Ar, Ar-Ar and
Rb-Sr data from clay minerals are best interpreted
as records of diagenetic and thermal history, not of
deposition. Sm-Nd data give detrital (provenance)
signatures that are less affected by diagenesis, and
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detrital-zircon U-Pb ages constrain provenance and
a maximum depositional age. Whole-rock Re-Os
can date organic-rich mudrocks and, applied to
oils, the timing of hydrocarbon generation. Zircon
from primary ash horizons gives the most direct
depositional age. The different sensitivities of these
methods to diagenetic overprinting should guide
which one is applied to a given shale succession.

4 Chemostratigraphy
Chemostratigraphy uses systematic changes in
elemental and isotopic composition through
a succession to identify chemofacies, correlate
sections and reconstruct palaeoenvironmental and
palaeoclimatic conditions. Geochemical data can help
to identify sequence-stratigraphic surfaces that are
difficult to recognise from lithology alone [32, 33]. The
approach is particularly useful in shale and mudstone
successions, which are often visually homogeneous
and lack the sedimentary structures used for facies
analysis in coarser clastic rocks [34].

4.1 Carbon isotopes (δ13C) and mass extinction
events

The carbon-isotope composition (δ13C) of black shales
is a sensitive record ofmajor perturbations to the global
carbon cycle. Negative δ13C excursions in particular
are repeatedly associated with mass extinctions and
environmental crises [34]. They reflect large-scale
changes in organic carbon burial, volcanic CO2 release
during the emplacement of large igneous provinces
(LIPs), or release of methane from gas hydrates [35].
Because the mixing time of the ocean (∼103 yr) is
much shorter than the residence time of carbon in the
ocean-atmosphere system (∼105 yr), such excursions
are recorded nearly synchronously worldwide. This
makes them useful for high-resolution correlation
between basins that lack biostratigraphic markers.

4.2 Elemental ratios and weathering/provenance
indices

Major- and trace-element ratios are used alongside
isotopic data to characterise shale and mudstone
successions. The Si/Al ratio reflects mineralogical
variability; in shales it is generally < 5, reflecting
the dominance of aluminosilicate clay minerals over
detrital quartz. Departures from this baseline indicate
changes in detrital quartz input, biogenic silica or
diagenetic silicification.

The chemical index of alteration (CIA) is defined

as [36]:

CIA =

[
Al2O3

Al2O3 +CaO∗ +Na2O+K2O

]
× 100, (1)

where all oxides are expressed in molar proportions
and CaO∗ is the CaO in the silicate fraction only (i.e.
corrected for carbonate and apatite).

Average shales have CIA values of 70-75 [36].
Vertical departures from this range record changes
in the intensity of continental weathering driven by
palaeoclimate, as shown for Lower Cambrian black
shales of the Yangtze Block [37]. In addition to
the CIA, vertical changes in element/Al ratios (e.g.
K/Al, Mg/Al), in Rb/K and Ti/K, and in ratios of
immobile trace elements such as Zr/Nb are used
as high-resolution chemostratigraphic markers [38].
Because these elements are distributed differently
among detrital aluminosilicates, heavy minerals and
authigenic clays, their vertical profiles respond to
subtle changes in provenance, hydrodynamic sorting
and depositional energy. Plotting these ratios through
a shale succession can therefore reveal depositional
sequences and boundaries that are not visible in the
bulk lithology.

4.3 Redox-sensitive trace metal (RSTM)
systematics

A well-established set of redox proxies complements
the detrital indices. Concentrations of Mo, U, V,
Ni, Cr and Co, normalised to immobile terrigenous
elements (Al, Ti), are used to reconstruct bottom-
and pore-water redox conditions [39]. These metals
differ in solubility and uptake pathway along oxygen
gradients, and their authigenic enrichment patterns
are standard tools for distinguishing oxic, suboxic,
anoxic and euxinic chemofacies in black shales. Mo-U
covariation additionally tracks the degree of basin
restriction, distinguishing open-marine settings from
strongly restricted silled basins [40].

4.4 Rare earth element (REE) systematics in pelagic
successions

In deep-sea and hemipelagic mudstone successions,
REE systematics help to define stratigraphic divisions.
Total REE concentrations, shale-normalised REE
patterns (e.g. LaN/YbN, where the subscript
N denotes normalisation to average shale) and
anomalies of the redox-sensitive lanthanides,
especially cerium (Ce/Ce∗) and europium (Eu/Eu∗),
where the asterisk denotes the value interpolated
from neighbouring REE, respond to ancient seawater
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chemistry, continental runoff and early diagenetic
remobilisation [41, 42]. Horizons defined by REE
patterns allow correlation across deep-water basins
in which carbonate microfossils are absent because of
dissolution below the lysocline [43].

4.5 Iron speciation and sulfide systematics
Iron and sulfide mineral systematics can be used to
test elemental redox indices when correlating shale
successions between distant sections. Iron speciation
(e.g. highly reactive iron relative to total iron) and
the amount of diagenetic pyrite help to locate the
chemocline and to track changes in bottom-water
redox state. This mineralogical approach complements
the RSTM proxies described above [39]. Because
trace-metal uptake and iron-sulfide precipitation
are linked during early diagenesis, combining
mineralogical and trace-element data gives a stronger
basis for identifying fine-scale sequence-stratigraphic
surfaces in mudstones.

5 Biostratigraphy
Fossils are found mostly in shales and limestones.
Exceptionally preserved soft-bodied biotas of Burgess
Shale type are known chiefly from the early to middle
Cambrian, with rare Ediacaran occurrences [44]. The
Burgess Shale biota itself was discovered by Walcott
in 1909 in the middle Cambrian (∼508 Ma) shale
on Fossil Ridge near Field in the Canadian Rockies
of British Columbia, and was first described shortly
afterwards [45]. Rapid burial of soft-bodied organisms
in fine-grained sediment left little time for decay, and
early diagenetic conditions in the clay-richmud further
limited degradation [46]. As a result, these deposits
preserve soft tissues as carbonaceous compressions,
not merely as impressions. More than 50 Burgess
Shale-type deposits are now known [44, 47], mainly
from lower to middle Cambrian strata in Australia,
Canada, China, Poland, Spain and elsewhere in
Laurentia and Gondwana [47, 48].

After the Ediacaran, invertebrate, vertebrate and
microfossil groups diversified, producing successive
new species while others became extinct. The first
appearance (first occurrence) and last appearance
(last occurrence) of each species are key stratigraphic
markers: biostratigraphers refer to them as the
first appearance datum (FAD) and last appearance
datum (LAD) [49, 50]. Marine invertebrates, corals,
amphibians and insects were prominent in the
Paleozoic, reptiles dominated the Mesozoic and
mammals the Cenozoic [51]. Although a group

of organisms may range through a long interval,
individual species within it can still be precise markers,
and the overall range of a group determines the
interval for which it is useful.

FADs and LADs are widely used in biostratigraphy
and in building the geological time scale, and advances
in radiometric dating have since given more accurate
and precise ages for the stage boundaries. As
noted above, six intervals account for ∼91.5% of
global source-rock-generated reserves, and most of
these source rocks are shales and mudstones. The
boundaries of these intervals are well defined, mostly
by FADs of graptolites, conodonts, ammonites and
foraminifera.

Trilobites are the principal index fossils of
the Cambrian [52]; graptolites are used for
Ordovician-Silurian shales [53, 54], together with
conodonts in the Silurian [55]; placoderm fishes
characterise some Devonian black shales [56];
conodonts are used for Carboniferous-Permian
siliceous mudstone and chert successions [57];
ammonites and other cephalopods for
Triassic-Cretaceous shales [58]; and foraminifera and
calcareous nannoplankton for Cenozoic shales [59, 60].

5.1 Organic carbon
Organic carbon is the key component of a source
rock; its bacterial or thermal cracking ultimately
yields oil and gas. Shales with 0.5-1% TOC are
considered fair, 1-2% good, 2-4% very good and >
4% excellent source rocks [61]. Terrestrial organic
input is largely confined to the shelf, whereas marine
phytoplankton supply organic carbon throughout the
ocean basin. Continental-margin sediments, including
deltas, account for most (of the order of 90%) of
organic carbon burial in the ocean [62]. Preservation
of organic carbon depends on primary productivity,
dissolved-oxygen concentration in the water column,
the abundance of organic-carbon consumers, water
depth, sedimentation rate and grain size. Marine
phytoplankton (calcareous nannoplankton, diatoms,
etc.) are the main primary producers.

Seaweeds, bacteria and faecal pellets are minor
additional sources of organic carbon. Counts of
calcareous nannoplankton, diatoms, radiolarians,
acritarchs and dinoflagellate cysts give both
biostratigraphic information and an indication of
primary productivity. An increase in nannoplankton
abundance reflects blooms and a higher flux of
organic carbon to the sea floor. Only about 1% of
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the organic carbon exported from the surface ocean
reaches ∼1000 m water depth [63]. Foraminiferal
census counts and their carbon-isotope values
are useful tools for estimating palaeoproductivity.
The planktic foraminifer Globigerina bulloides is an
important palaeoproductivity indicator associated
with upwelling [64, 65]. An assemblage of the benthic
species Cassidulina carinata and Bulimina marginata
indicates a supply of labile organic carbon to the
sea floor [66], and Alabaminella weddellensis is an
opportunistic taxon that increases rapidly in fresh
phytodetritus [67]. Uvigerina peregrina, Hoeglundina
elegans, Sphaeroidina bulloides, Bolivina albatrossi,
Cibicidoides pseudoungerianus, Globobulimina spp. and
similar species are regarded as high-organic-flux taxa
on the continental slope to abyssal plain, whereas
a high abundance of shelf species such as Trifarina
fornasinii and Uvigerina mediterranea indicates high
organic flux on the shelf [68]. More negative δ13C
values in foraminiferal tests generally indicate higher
productivity. When using foraminiferal δ13C, however,
three factors must be considered: the habitat of
the species (epifaunal, shallow infaunal or deep
infaunal), since deep-infaunal species have much
lower δ13C [69]; diagenesis, since diagenetic calcite
further lowers δ13C; and methane flux [70, 71].

5.2 Dissolved oxygen
Dissolved oxygen plays a key role in the preservation
of organic carbon, which a shale needs in order to
become a source rock. Oxygen-rich bottom water
oxidises organic carbon, so sediments deposited under
low-oxygen conditions commonly have source-rock
potential. Upwelling areas combine high organic
production with the development of an oxygen
minimum zone [72]. Benthic foraminifera are
good indicators of bottom-water oxygen. Shallow-
and deep-infaunal species generally indicate an
organic-rich, low-oxygen environment [73], and
elongate benthic taxa likewise indicate oxygen
depletion [74, 75]. A high abundance of bolivinids,
buliminids, uvigerinids, Cassidulina, Fursenkoina,
Melonis and similar taxa points to poorly oxygenated
bottom water [66, 76].

5.3 Depositional depth and sediment grain size
Most shale source rocks were deposited in relatively
shallow water on the continental shelf and slope.
These settings receive large volumes of clastic
sediment at high sedimentation rates, have high
organic production, and the path for organic
particles to reach the sea floor is short. Several

benthic foraminiferal genera (Ammonia, Amphistegina,
Asterorotalia, Calcarina, Elphidium, Heterostegina,
Operculina and some bolivinids) are key markers of the
shelf, whereas others (Bolivina, Bulimina, Cassidulina,
Cibicides, Nonionella, Pullenia, Uvigerina, etc.) mark
the continental slope to abyssal zone. Abundant
shallow-water benthic species in a deep-water setting
can indicate a mass-transport deposit (MTD). In the
Krishna-Godavari Basin, Bhaumik et al. [77] found an
intermediate sediment layer containing shelf benthic
foraminifera (Ammonia spp., Bolivinita subangularis,
Loxostomum amygdalaeformis and Quinqueloculina
seminulum) at ∼1038 m water depth, overlain and
underlain by sediment with deep-water species
including Cassidulina carinata. From these assemblages
and the seismic reflection profile, they identified an
MTD within the deep-water succession and explained
the nucleation and saturation of gas hydrates within
it.

Many benthic foraminifera are also distributed
according to grain size. Shallow-water genera
(Ammonia, Elphidium, Amphistegina, etc.) are
associated mostly with coarse sediment (sand and
coarse silt), whereas deep-water taxa (bolivinids,
Nonionella, etc.) are associatedwith fine sediment (fine
silt and clay).

6 Mapping
Mudstones can be traced and mapped geophysically
with relative ease, because (i) they are readily
identified on gamma-ray logs and (ii) even thin shale
units commonly extend over long distances [3]. Field
mapping of shale together with other lithologies is
described in many works, and standard schemes
exist for describing fine-grained rocks in outcrop and
core [78–80]. Field mapping of shale uses the classical
methods, such as chain-and-compass mapping; no
technique is specific to shale. Section 7 reviews
geophysical (well-log) mapping of shale.

7 Well-log studies
Shale mapping is needed in reservoir geomechanics,
where the well-known geomechanical properties of
shale are useful [7]. Radioactive elements are
concentrated in fine-grained sediments, whereas clean
sandstones and carbonates have low radioactivity, so
gamma-ray logs can be used to identify lithology
(e.g. Fig. 8.14 of [3]; Fig. 4.5 of [81]) and to identify
parasequences [82]. Ash may accumulate on omission
surfaces and can sometimes mark parasequence
boundaries [3]. Bentonites can help to define
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clinoform geometry. Gamma-ray logs show kicks at
hot shales, and bentonites, which consist of K-feldspar
and illite, are readily identified by their gamma-ray
response. Tonsteins (kaolinite-rich altered ash beds)
and bentonites are best preserved inmarine basins and
coal swamps.

Gamma-raymeasurements are also used quantitatively
in shales. Schmoker [83] compared three ways
of defining the boundary between organic-rich and
organic-poor facies in the Devonian shale of the
Appalachian Basin. In the “20-API method” the
boundary is placed at a gamma-ray intensity 20 API
units above the grey-shale baseline. In the “230-API
method” it is placed at 230API units, a value associated
with high gas content. In the “2-percent method”,
which Schmoker regarded as the best definition, the
boundary is an organic-matter content of 2% by
volume (0.8% by weight). A cut-off of 20 API units
above the shale baseline has also been applied to the
Bowland Shale [84].

Lithology can be inferred from the “shale baseline”
on SP and gamma-ray logs. Once the response of
a shale body has been obtained, the “shale baseline”
or “100% shale line” can be drawn (Fig. 22 of [85]).
Maximumdeflection from this line indicates absence of
clay. In the sameway, 100% carbonate, 100% sandstone
and 50% sandstone lines can be defined. The 75%
sandstone line is regarded as the “clean sandstone line”
and corresponds to 25% clay [86]. Similar lines can be
defined for carbonate-shale successions.

The volume of shale can also be estimated from
gamma-ray and SP logs. Deflection of the SP curve
from the shale baseline depends on the relative salinity
of the mud filtrate and the formation water [81], and
the gamma-raymethod can be usedwhere SP readings
are distorted [87]. However, well logs may fail to
resolve very thin (centimetre-scale) beds [7] and can
obscure hiatuses within deep-water shales.

Classic studies of shale identification from logs
include [88–91].

8 Synthesis
Shales and mudstones are fine-grained sedimentary
rocks found worldwide, and their study is important
for hydrocarbon geoscience. Dating them is difficult
because clay minerals such as illite alter during
diagenesis and can reset isotopic systems. K-Ar, Ar-Ar
and Rb-Sr data commonly record diagenetic events,
not deposition. Sm-Nd and detrital-zircon U-Pb
data provide information on provenance, whereas

U-Pb dating of zircon from interbedded volcanic ash
gives depositional ages. Whole-rock Re-Os can date
organic-rich mudrocks, and Re-Os data from oils
can constrain the timing of hydrocarbon generation.
Among chemostratigraphic tools, carbon-isotope
excursions, elemental ratios, redox-sensitive trace
metals, REEs and iron-sulfide systematics help to
correlate shale successions. Trilobites, graptolites,
conodonts, cephalopods, foraminifera and calcareous
nannoplankton are useful for shales of different ages.
Conventional field mapping establishes the continuity
of shale bodies. Gamma-ray and SP logs identify shale,
allow its volume to be estimated, and help to recognise
organic-rich intervals and bentonites, although very
thin beds and subtle breaks may be missed.
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