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SHALES
Definition
Historically, the term shale has been used to describe fine-grained sedimentary rocks of
largely terrigenous derivation, dominated by mud-size particles (0.06 mm and smaller)
and containing appreciable quantities (several ten percent) of clay minerals. The
definition of the term has been a subject of debate (Potter et al., 2005) because of the
closely allied terms mud and clay for which competing definitions may emphasize grain
size, mineralogy (clay dominated), or physical properties (plasticity). In place of shale,
the term mudstone is also used widely and describes the same compositional spectrum of
sedimentary rocks. Because shales span the clay-silt boundary, a good many rocks that
are identified as siltstones in the literature also qualify as shales (and vice versa).
Although the term shale traditionally had a “terrigenous” connotation, shales that
accumulated in sediment starved settings may to more than 50 percent consist of
microbially induced early diagenetic cements (calcite, dolomite, ferroan carbonates,
silica, authigenic clays, iron sulfides), organic matter, and biogenic debris (fish bones,
microfossils) upon close inspection. One could argue that the term “biogenic” would be
more appropriate for these rocks.
Thus, categorizing shales is by no means a trivial exercise and the various classification
schemes in existence (e.g. Ingram, 1953; Dunbar and Rodgers, 1957; Folk, 1965; Picard,
1971; Lewan, 1979; Blatt, Middleton, and Murray; 1980; Lundegard and Samuels, 1980;
Potter et al, 1980; Stow and Piper, 1984; Macquaker and Adams, 2003) leave much to be
desired. Many fine grained sedimentary rocks contain variable amounts of a fine grained
carbonate component and it is common practice to use the terms shale and mudstone for
rocks with less than 50% carbonate (Potter et al., 2005). Beyond that arbitrary cut-off the
terms marl, micrite, limestone, and dolostone are most commonly used. The classification
scheme proposed by Macquaker and Adams (2003), however, also includes fine grained
materials of non-terrigenous origin. The books by Potter et al. (1980; 2005) and Schieber
et al. (1998) provide further information on this, as well as other topics concerning
shales.
Fundamentally, shales span such a large compositional and textural spectrum that a
comprehensive and meaningful classification will only be possible when we can build on
a much larger body of case studies than currently available. At present it is probably
pointless to agonize over the actual names given to shale types encountered in a given
study. What matters primarily is that the rocks be dominantly fine grained, and that we
report as accurately as possible their composition, texture, and fabric. The latter two are
indispensable for meaningful descriptions of shales because they convey key insights into
their transport and deposition (Schieber, 1999a; Schieber et al., 2007).
Significance of shales for geobiology
Although still understudied when compared to sandstones and carbonates (Schieber and
Zimmerle, 1998), shales nonetheless are geologically important for multiple reasons.
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They constitute by volume two thirds of the sedimentary rock record and once examined
systematically will contribute much to a better understanding of earth history and the
evolution of life. Because overall they accumulate slower than sandstones or carbonates,
as much as 90% of geologic time recorded in sedimentary rocks may be preserved in
shales.
Shales are an excellent matrix for fossil preservation, and contained fossils are
comparatively easy to extract for study. Because their low permeability limits chemical
exchange and access by oxygen, metastable skeletal minerals (e.g. aragonite) and even
soft tissues may be preserved. It is not by accident that many of the worlds most
scientifically significant sites of fossil preservation (Fossil Lagerstätten; Seilacher et al.,
1985) are found in shale successions. Notable examples are the Cambrian Burgess Shale
(Conway Morris, 1998), the Devonian Hunsrück Slate (Bartels et al., 1998), the Jurassic
Posidonia Shale (Kauffman, 1978), and the Messel oil shale deposit (Wuttke, 1983).
Preservation of fossils carries much valuable information, particularly in the case of
marine shales. Fossils are useful because taphonomy (the study of organismal decay over
time), spatial distribution of fossils, fossil diagenesis, morphological attributes of fossils
(e.g. reflecting adaptation to substrate conditions), fossil assemblages and comparison to
modern counterparts, and paleocommunities (paleoecology) all can provide a wealth of
information about the deposition of a shale succession (e.g. Brett and Allison, 1998).
Freshly deposited muds, the sediments destined to become shales after compaction, have
an enormous internal surface area. Depending on the assumptions about particle
geometry and water content, one can readily estimate that a liter of watery mud should
have an internal surface area on the order of several hundred square meters (e.g. Fenchel,
1970). That is enough space to provide habitat for trillions (1012) of microbial cells (Fig.
1).
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Image File: Schieber-Shale-Fig-1.tif

Figure 1: (A) TEM micrograph of modern mud from the continental slope off northern
California at a burial depth of 5 cm. Illustrates the spatial relationships of a colony of
bacteria (bc), its exocellular polysaccharide secretions (ep), and the surrounding sediment
matrix of clay (c) and organic matter (o). Scale bar represents one micrometer. (B) TEM
micrograph of a modern mud from Eckernförde Bay, Germany. Shows the relationships
between bacteria (b), their exocellular polysaccharide secretions (ep), and the
surrounding sediment matrix of clay (c) and organic matter (o). Scale bar represents 0.5
micrometers. Images from Ransom et al., 1999.
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Deposition of shales
The sedimentology of shales has made progress over the past decades (Potter et al.,
2005), and sedimentologists are gradually learning to appreciate the utility of the many
small scale sedimentary structures observable in shales (e.g. Schieber, 1989; 1990a;
1990b; 1999a; O’Brien and Slatt, 1990). When studied in polished slabs and petrographic
thin sections, a wealth of information about depositional conditions and history can be
gleaned from most shales (Fig. 2).
Image File: Schieber-Shale-Fig-2.tif

Figure 2: Line drawing that summarizes features observed in a mudstone from the Late
Devonian Sonyea Group in New York (Schieber, 1999a). M = mica; Q = quartz; py =
pyrite.
Laminae are the most typically observed sedimentary feature in shales. They show a large
range in thickness and lamination styles (even, discontinuous, lenticular, wrinkled etc.),
and these may represent conditions that include quiet settling, sculpting of the sediment
surface by bottom currents, and growth of microbial mats respectively (Schieber, 1986;
1999b). Internal lamina features, e.g. grading (a), random clay orientation (b), preferred
clay orientation (c), sharp basal contacts (d), and sharp top contacts (e) may be
interpreted as indicative of (a) event-sedimentation (e.g. floods, storms, turbidites), (b)
flocculation or sediment trapping by microbial mats, (c) settling from dilute suspension,
(d) current flow and erosion prior to deposition, and (e) current flow and
erosion/reworking after deposition (Schieber, 1990a, 1990b). Due to somewhat larger
grain size, silt laminae are the most readily observed lamina type in shales and may imply
somewhat more energetic conditions. Examples are density currents (grading, fading
ripples), storm reworking and transport (graded rhythmites), wave winnowing (fine even
laminae with scoured bases), and bottom currents (silt layers with sharp bottom and top).
Gradual compositional changes between e.g. clay and silt dominated laminae are another
commonly observed feature, and are suggestive of continuous (although slow) deposition,
possibly from deltaic sediment plumes and shifting nepheloid flows.
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For many years conventional wisdom has held that parallel laminae in shales are the
result of settling from slow moving or still suspensions, and the common assumption was
that this reflects distal deposition in comparatively deep water with only minor current
activity. Recent flume experiments, however, have demonstrated conclusively that muds
can be deposited from swift moving currents that are competent enough move sand in
bedload (Schieber et al., 2007). This occurs because muds have a strong tendency to
flocculate, regardless of exact particle mineralogy and water composition. The floccules
travel in bedload and form migrating ripples (Fig. 3) that build up a contiguous mud bed
if sediment supply is sufficient. In spite of accumulation via lateral accretion, after
compaction these muds have a parallel laminated appearance, just like many shales in the
rock record (Fig. 4; Schieber et al., 2007). Obviously, it will be difficult from now on to
ascribe a quiet, deep water setting to a laminated shale without corroborating evidence
(e.g. paleoecology, trace fossils).
Image File: Schieber-Shale-Fig-3.tif

Figure 3: Migrating ripples of flocculated kaolinite in seawater, photographed through the
bottom of a flume. Width of flume channel is 25 cm, flow direction indicated by red
arrow. From Schieber et al. (2007). The ribbed “tails” behind the ripples are the eroded
remains of foreset laminae.
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Image File: Schieber-Shale-Fig-4.tif

Figure 4: (A) Parallel-laminated black shale, New Albany Shale, Devonian, Indiana.
Lighter laminae are silt enriched (the steeply inclined and slightly curved lines are saw
marks). (B) A sample from the same core interval as seen in (A). In the center we see
inclined (to the left) truncated laminae, forming the outline of a compacted muddominated ripple. (C) Tracing of silt laminae visible in (B). Arrow marks an internal
erosion surface. This is a fossil equivalent of migrating mud ripples observed in flume
experiments (Schieber et al., 2007).
A variety of other small scale sedimentary features also occurs in shales, including
mudcracks, load casts, flame structures, dewatering structures, graded rhythmites
(Reineck and Singh, 1972), cross-lamination, loop structures (Cole and Picard, 1975),
bioturbation (Wetzel and Uchmann, 1998), fossil concentrations and lags, all of which
carry information about conditions of sedimentation. Among the more subtle
sedimentary features are clay-filled mud cracks, brecciation due to desiccation, and sands
or conglomerates that consist entirely of shale particles (Schieber, 1985). The latter can
for example form as a result of soil erosion (pedogenic particles; Nanson et al., 1986;
Rust and Nanson, 1989), erosion of cracked mud crusts, and submarine scouring of mud
substrates by strong currents.
Biologic agents may produce microbial laminae and protection of mud surfaces from
erosion (e.g. Schieber, 1986; O'Brien, 1990), or may manifest themselves as bioturbation
and via destruction of primary fabrics (Wetzel and Uchmann, 1998). Infaunal activity that
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took place early in depositional history, when the muds had a high water content, may be
exceedingly subtle and hard to detect after compaction (Schieber, 2003). In many
instances of bioturbation sufficient proportions of primary features survive and can still
be interpreted in terms of depositional processes. Careful examination of bioturbation
features can provide additional information about substrate firmness, event deposits
(escape traces), and rates of deposition. Fecal pellets and pelletal fabrics are another byproduct of organic activity, and they are probably more abundant in mudstones and shales
than commonly recognized (Pryor, 1975; Potter et al., 1980; Cuomo and Rhoads, 1987).
Best seen in thin section, pellets typically differ from the shale matrix with respect to
texture, color, and organic content. They range in size from 0.2-2mm, are generally of
elliptical outline, and flattened by compaction. If matrix and pellets are similar in
composition and composed of particles of similar grain size, pellet identification can be
challenging. Pellets of benthic vs. planktonic organisms may be differentiated on the
basis of composition (Cuomo and Bartholomew, 1991; Schieber, 1994).
Early diagenesis of shales
It is due to the abundance of endosedimentary microbes (Fig. 1) that surficial muds are
very active sediments from a geochemical perspective. Much of the initially buried
organic material is remineralized in these water-rich sediments (80-90% initial water
content), prompting the description of surficial muds as “fluidized bed reactors” (Aller,
1998). The microbial breakdown of buried organic matter requires electron acceptors
(oxidizing agent) and due to limitations by diffusion, overall abundance, and differences
in energy yield for the various oxidation reactions, we observe a systematic exhaustion of
available electron acceptors (e.g. oxygen, nitrate, iron (III), manganese (IV), sulfate,
carbon dioxide) as we move downwards from the sediment-water interface. For these
reasons closely comparable microbial decay profiles (Brett and Allison, 1998; Curtis et
al., 2000) are observed in many marine sediments (Fig. 5).
Image File: Schieber-Shale-Fig-5.tif

Figure 5: Idealized sequence of microbial decay reactions in marine sediments, using
carbohydrate as a starting material. The number at the right is the energy gain for the
reaction (after Curtis et al., 2000). A similar set of reactions can be written with proteins
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as a starting material (e.g. Allison, 1988). See Figs. 6 & 7 for examples of early
diagenetic cements and the insights that one can derive from careful petrographic
observation of these cements.
Image File: Schieber-Shale-Fig-6.tif

Figure 6: SEM photomicrograph (backscatter image) of a pore space in the Devonian
New Albany Shale (Indiana, USA), illustrating suboxic to anoxic diagenesis. Light gray
mineral an is ankerite (Fe-Mg-Ca-carbonate) that initially grew in the interior of a
Tasmanites cyst (dark black line), a locally reducing and anoxic microenvironment. Very
early growth is indicated by the uncompacted Tasmanites wall and the overall circular
growth of carbonate (an + mc) cement. Outside of the protected microenvironment of the
cyst we see growth of manganoan calcite (mc, darker grey), indicating suboxic conditions
in the sediment and oxygenated bottom waters (Calvert et al., 1996). The carbonate
cement is surrounded by fine crystalline quartz (qu), derived from dissolution of
radiolarian opal (Schieber et al., 2000). The image suggests that pore waters were initially
alkaline, allowing for precipitation of carbonates and dissolution of biogenic opal, and
that this was followed by a lowering of pH that led to precipitation of quartz.
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Image File: Schieber-Shale-Fig-7.tif

Figure 7: Pyrite framboid from bottom muds of the Santa Barbara Basin. Note regular
arrangement of euhedral subcrystals. The sediment layer in which this framboid occurs is
only a few years old. Pyrite formation is associated with the activity of anaerobic bacteria
that utilize seawater sulfate (SO4) as an oxygen source and generate hydrogen sulfide as a
byproduct. They are among the most common and familiar of early diagenetic mineral
formations in shales.
Not all observed early diagenetic mineral formations are covered by the decay-reaction
scheme of Fig. 5, although associated pH shifts can be instrumental for their
precipitation. For example, early diagenetic silica (quartz) precipitation is not uncommon
in shales. In Phanerozoic shales it is derived from the dissolution of biogenic opal
(radiolarian, diatoms, sponge spicules) and fills pore spaces that range from tens of
microns to as much as a millimeter in size (Fig. 7). Quite frequently these pore fills (in
situ quartz) are mistaken for detrital quartz (Schieber, 1996; Schieber et al., 2000).
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Image File: Schieber-Shale-Fig-8.tif

Figure 8: Authigenic quartz (chalcedony) in the Late Devonian Chattanooga Shale
(Kentucky, USA). (A) Photomicrograph in transmitted light. The clear/bright grains are
chalcedonic infills of algal cysts (Tasmanites). (B) SEM image (backscatter) from the
same specimen, showing more clearly the rounded-lobate outlines of the quartz grains
and the enclosing cyst walls (black rim). For a detailed discussion of these features see
Schieber (1996) and Schieber et al. (2000).
If phosphorous is abundant in the initial mud, such as due to accumulation of phosphatic
skeletal material, phosphatic concretions, ranging in size from less than a mm to more
than 100 mm’s, may form (Fig. 8). An early diagenetic phosphate matrix seems to be an
excellent medium for preserving minute details of soft tissues, such as in the
Neoproterozoic Doushantuo Formation of China (Shen et al., 2000).
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Image File: Schieber-Shale-Fig-9.tif

Figure 9: SEM photomicrograph (backscatter image) of an example of early diagenetic
phosphate precipitation. The image shows what appears to be a colony of phosphate
encrusted bacteria (Mid-Proterozoic Bijaigarh Shale, India).
Due to the rapid and systematic expulsion of pore waters and decrease of porosity during
compaction, early diagenetic minerals in shales are preferentially preserved. For this
reason shales contain a rich record of geochemical processes that relate closely to the
chemistry of the overlying ocean waters and paleoceanographic conditions. When studied
systematically, the authigenic component of shales holds the promise to capture a
snapshot of seawater and/or porewater chemistry. With the necessary age constraints, this
may enable us to develop a much more detailed record of ocean geochemical changes
than currently available.
Conclusion
Shales result from the complex interplay of a range of geologic variables and processes,
and there are no easy answers and no “one size fits all” models. Although these rocks
have an (undeserved) reputation for being drab, uniform, and un-interesting, the repay the
investigative challenges they pose by being a rich storehouse of information about the
geologic past. Sedimentological study includes recognition and tracing of facies changes,
sedimentary features, shale fabrics, erosion surfaces and internal stratigraphy, as well as
information that can be derived from interbedded non-shale lithologies. Paleontological
studies may provide data on paleo-oxygenation, primary production, substrate conditions,
paleocurrents, bathymetry, and paleosalinity (Schieber et al., 1998). Petrographic
investigations provide the basic inventory of shale constituents, and may yield clues
about provenance, compaction history, chemical conditions, sedimentary processes (via
small scale sedimentary structures), and the origin and maturation of organic matter
(Taylor et al., 1998). Chemical analysis of major and trace elements can provide
information on provenance (Roser & Korsch, 1986), and a range of proxies for paleooxygenation (Jones and Manning, 1994). Organic geochemistry can furnish information
on the source of organic matter, its dispersal, and maturation (Engel and Macko, 1993).
Certain organic molecules, such as photosynthetic pigments, may survive as “carbon
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skeletons” (biomarkers), and may identify the original source of diagenetically altered
organic matter and potential indicators of water column anoxia (Brassell, 1992).
Fundamentally, shales do not give up their secrets easily. The tools are at hand, however,
to extract a wide range of data from them and allow for multiple avenues of inquiry
(Schieber et al., 1998). Interpretations that rely on just one perspective (e.g. petrography,
fabric study, trace element geochemistry, or organic geochemistry) typically do not
match conclusions derived from a different line of inquiry. Shales need to be
investigated in a multidisciplinary way and at multiple scales because of the complex
interplay of variables that produces them. Conclusions derived from microscopic
features must be in agreement with insights coming out of basin scale studies, as well as
with findings from all scales in between.
Juergen Schieber
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