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Preface

We wrote Sedimentology of Shale primarily because we lacked a handy,
reasonably comprehensive source of information and ideas about shales for
students in our sedimentology program. It was also our feeling that the time
for shales to receive more study had finally arrived. Sedimentology of Shale
also seems very timely because today more sedimentologists are interested
in shales. Certainly in the last five years the pace of shale research has no-
ticeably quickened because the role of shales as important sources of oil,
gas, heavy metals and as a long understudied part of the earth’s geologic his-
tory has been recognized. Noteworthy developments include the elucida-
tion of the importance of trace fossils in shales, the discovery of thick
sequences of overpressured shales in regions such as the Gulf Coast (which
have important implications for hydrocarbon migration and faulting), the ex-
tension of the principles of metamorphic facies to the realm of low tempera-
ture diagenesis by study of the organic matter in shales, and shales as ul-
timate sources for mineral deposits.

Accordingly, we decided it was timely to write a book on shales. In one
respect, however, ours is an unusual book. Most books in geology are
produced after one or two decades of progress have been made in a field
and attempt to summarize and evaluate that progress. Our book looks in the
foreward direction; instead of summarizing what is well understood about
shales, much of our effort has gone into identifying approaches to shale
problems that we think will be fruitful, and in addition we have emphasized
areas of uncertainty.

Chapter 1 provides an overview of the major aspects of shales; including
sedimentary processes; physical, chemical and biological properties of
shales; and the distribution of shales in modern and ancient basins. Chapter
2, the question set, is in effect a self-study guide, one that not only asks ques-
tions but also provides the motivation of why the question should be asked.
In other words, Chapter 2 is a short manual on how to study shales. Chapter
3 is an annotated and illustrated guide to much of the literature. Thus the
three chapters are study and reference guides and should provide a basis for
students and professionals alike to discover the many interesting, diverse
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facets of shales. Ultimately, we hope Sedimentology of Shale will promote
new models for the study of shales.

We have been aided by many, both in North America and abroad. It is a
pleasure to acknowledge this important help: P. B. ANDREWS, New Zealand
Geological Survey, Canterbury, New Zealand; GEORGE S. AUSTIN, New
Mexico Bureau of Mines and Resources, Socorro, New Mexico; ). W.
BAXTER, lllinois Geological Survey, Urbana, lllinois; P. BiTTerL, Geol.-
Palaont. Institut, Basel, Switzerland; K. BJORLYKKE, Universiteti Oslo, Oslo,
Norway; ANDREW Bobpocsi, University of Cincinnati, Cincinnati, Ohio;
CARLOS ALFREDO BORTOTUZZI, Universidade Federal do Rio Grande do Sul,
Porte Alegre, Rio Grande do Sul, Brazil; A. BoseLLINI, Universita di Ferrara,
Italy; Kees A. DE JOoNG, University of Cincinnati, Cincinnati, Ohio; M. and
C. D. DumiTriu, Ecole Polytechnique de Montréal, Montréal, Quebec,
Canada; S. DZULYNSKI, Instytut Geografii Pau, Krakow, Poland; G. EINSELE,
Universitat von Tubingen, Fed. Rep. of Germany; K. A. ERIKSSON, Texas
Christian Univ., Dallas, Texas; ROBERT W. FLEMING, U.S. Geological Survey,
Denver, Colorado; HANs FUCHTBAUER, Ruhr-Universitit Bochum, Bochum,
Fed. Rep. of Germany; R. N. GINSBURG, University of Miami, Miami,
Florida; R. D. HARVEY and RoBERT CLUFF, lllinois Geological Survey, Ur-
bana, lllinois; DONALD E. HATTIN, Indiana University, Bloomington, Indiana;
A. S. HorowiTz, Indiana University, Bloomington, Indiana; PHiLLIP H.
HEeckeL, University of lowa, lowa City, lowa; WARREN D. HUFF, University of
Cincinnati, Cincinnati, Ohio; E. KriINITZsKY, U.S. Corps. of Engineers, Vicks-
burg, Mississippi; GUNAR LARSEN, Aarhus Universitet, Aarhus, Denmark;
SVEN LAUFELD, University of Alaska, Fairbanks, Alaska; FREDRICH LIPPMANN,
Mineralogisch-Petrographisches Institut der Universitat, Tibingen, Fed. Rep.
of Germany; DAvID L. MEeYER, University of Cincinnati, Cincinnati, Ohio;
GEORGES MILLOT, Université de Strasbourg, Strasbourg, France; HAYDN H.
MUuURRAY, Indiana University, Bloomington, Indiana; HARUNO NAGAHAMA,
Geological Survey of Japan, Hisamoto-cho, Kawasaki-shi, Japan; SAMUEL H.
PATTERSON, U. S. Geological Survey, Reston, Virginia; FRANCIS J. PETTIJOHN,
The Johns Hopkins University, Baltimore, Maryland; BRUCE PURSER, Univer-
sitéde Paris-Sud, Orsay, France; H.-E. REINECK, Senkenberg Institut, Wilhelms-
haven, Germany; ROBERT V. RUHE, Indiana University, Bloomington, In-
diana; H. H. ScHmITz, Bundesanstalt fiur Geowissenschaften und Rohstoffe,
Hanover, Fed. Rep. of Germany; ADOLPH SEILACHER, Universitdt von Tub-
ingen, Fed. Rep. of Germany; JAMES T. TELLER, University of Manitoba, Win-
nipeg, Manitoba, Canada; WiLLiaM A. THOMAS, Georgia State University,
Atlanta, Georgia; H.A. TourteLotr, U. S. Geological Survey, Denver,
Colorado; JoHN E. WARME, Rice University, Houston, Texas; and MARCELO
R. YRIGOYEN, Esso Argentina, Buenos Aires, Argentina.

C. C. M. GuTjAHR, Koninklijke/Shell Exploratie en Produktie Labora-
torium, Rijswijk, Nederlands; K. O. STANLEY, Ohio State University,
Columbus, Ohio; and WINIFRIED ZIMMERLE, Deutsche Texaco-Ak-
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tiengesellschaft, Wietze, Fed. Rep. of Germany all graciously loaned us thin
sections of shales for use in Figure 2-13.

ROBERT CLUFF, RICHARD D. HARVEY and ARTHUR W. WHITE, lllinois State
Geological Survey, Urbana, lllinois read parts of the manuscript as did
HAYDN MURRAY, Indiana University, Bloomington, Indiana, DAVID L. MEYER,
of the University of Cincinnati and Roy C. KeprerLE, U. S. Geological Sur-
vey. We also thank MICHAEL LEWAN and EDWARD PITTMAN, Amoco Produc-
tion Research, Tulsa, Oklahoma, who also read the manuscript.

LINDA P. FuLTON, Exxon Co., U.S.A., New Orleans, Louisiana graciously
contributed to the annotated bibliography.

We wish to thank NEIL SAMUELS, PAUL LUNDEGARD, VICTOR VAN BEUREN,
RONALD BROADHEAD, Rick TOBIN, and MICHAEL LEWAN, graduate students at
the University of Cincinnati, in addition to our typists, JEAN CARROL, MARSHA
JONES, DEBBIE MOORMAN, and WANDA OSBORNE. MRs. RUTH ScoTT kindly
redrafted some of the figures. JAMES WiLLIAMS drafted most of the new fig-
ures. We are especially indebted to our departmental librarian, RICHARD
SPoHN, for his many hours of considerate help. In addition, we thank the
Department of Geology for its support and also the U. S. Department of
Energy and the Morgantown Energy Technical Center, whose contract to
study the Devonian Shale sequence of the Appalachian Basin helped focus
our interest on shales.

Finally, we extend our appreciation to our publishers, Springer-Verlag,
and especially to DR. KONRAD F. SPRINGER for his continued encouragement.
EILERT ERFLING skillfully guided Sedimentology of Shale to publication.

Cincinnati, Ohio PAuL EDWIN POTTER
Summer 1980 J. BARRY MAYNARD
WAYNE A. PRYOR
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Possibly many may think that the deposition and consolidation of
fine-grained mud must be a very simple matter, and the results of
little interest. However, when carefully studied...it is soon
found to be so complex a question, and the results dependent on
so many variable conditions, that one might feel inclined to aban-
don the inquiry, were it not that so much of the history of our
rocks appears to be written in this language.

H.C. Sorby
On the Application of Quantitative Methods to the Study of the Structure
and History of Rocks, 1908, pp. 190-191.






CHAPTER 1
OVERVIEW

To see the whole of any subject is to see its future.
INTRODUCTION

The study of shale—and we use shale as the generally accepted class name
for all fine-grained argillaceous sediment, including mud, clay, and mud-
stone—can be approached from many points of view (Fig. 1.1), but most of
the emphasis has generally been placed upon mineralogy and geochemistry,
a possible exception being the study of microfauna in Tertiary and Mesozoic
shales. As a consequence, much more is known about sandstones and car-
bonates and even evaporites than shales. As sedimentologists we have long
had an interest in shales and are acutely aware of how far their study lags
behind that of most other sediments. All too commonly shale has been the
“interbedded’” and “‘taken for granted”” matrix between lithologies of greater
scientific or economic interest, in spite of the fact that shale forms more than
60% of the world’s sediments.

GEOPHYSICAL ASPECTS BASINAL ASPECTS

Seismic and Geometry

gravity response Size
Thickness
Interbedded lithologies
Lateral equivalents

- Precursors and followers
T mMub
GEOCHEMISTRY —m8M8M8M8M8m8 ™| — MUDSTONE — — TEXTURE
Bulk chemistry, - AND 7’ Grain size
trace elements, -— SHALE - — Percent silt and sand
and organics ——= — Lamination
== = Fabric
/ \ Porosity and permeability
FOSSILS MINERALOGY
Macro and micro Clay minerals
fauna and flora Light minerals
plus their Heavy minerals
paleoecology Carbonates
ENGINEERING ASPECTS PHYSICAL CHARACTERISTICS STRUCTURES
Excavatability Strenath, rheology, Physical (current produced,
Stability in cuts or density, saturation, compactional and syndeforma
underground openings etc. tional), biogenic and
Suitability for fill or diagenetic

as a raw material

Figure 1.1 Contributors to the study of shale.



4 Introduction

The present attitude of many sedimentologists toward shales is well
expressed by their typical representation of shales in vertical profiles which
give much detail about the bedding type and thickness, directional struc-
tures, grain size, and fossil content of sandstone and carbonates but show
mudstones and shales as solid black—a structureless, uninteresting, ‘“ma-
trix’’ interbedded and interlaminated between much more informative
lithologies. It has been the experience of many sedimentologists that shales
are hard to work with: they are very fine grained and lack the well-known
sedimentary structures that are so useful in sandstones. Therefore many feel
that work with shale has a low reward/investment ratio. However, is this
because of the nature of shale, or is it because we lack readily applicable
tools and models to study them? We and, indeed, an increasing
number of sedimentologists believe that shales deserve much more attention
and, when properly studied, can yield valuable additional insight into the
origin of many sedimentary basins.

The natural question to ask is why the study of shales has lagged behind
that of sandstones, carbonates, and even evaporites, coal, and sedimentary
iron formation. Certainly the foremost reason is that shales, as a rule, are of
lesser immediate economic interest. Beyond this practical reason, however,
are at least four others:

1. Until very recently, it was almost impossible to identify and study
single particles in most shales, especially the clay minerals, which pre-
dominate.

2. Many of these single particles that can now be defined by the scanning
election microscope (SEM) have, unlike most quartz or skeletal car-
bonate grains, a complex history that to some degree reflects source
area, possibly the depositional environment, and very probably post-
depositional burial.

3. We are only beginning to recognize and interpret the equivalent of the
“vertical environmental profile’”’ that has been so spectacularly suc-
cessful in the study of sandstones and carbonates in the last 10 years.

4. We rarely have an idea of the paleocurrent or paleocirculation systems
that have existed during the deposition of most shales.

Of the above four factors that have retarded the study of shales, we
believe our inability to isolate, study, and write the history of single particles,
as has been done so well for most of the framework grains of sandstones
and carbonates, is by far the most important. In other words, the
complete history of a sedimentary deposit is far better based on the summa-
tion of the histories of its individual particles than on measurement of bulk
properties, such as chemical composition and clay mineralogy. Such
measurements average not only the different compositions of many different
particles of diverse origins but also combine the effects of source area, depo-
sitional environment, and postdepositional change. In short, if sandstones
and carbonates could only be studied by a listing of their bulk mineralogy
and chemistry, it is clear that we would know little about them. However,
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assume for a moment that we could, indeed, obtain a “particle history”’ for
shales. What would be the second task? Surely it would be finding an
analog to the vertical profile, which for carbonates and sandstones integrates
many diverse features into a coherent, useful environmental interpretation,
based on bedding, texture, mineralogy, bioturbation, and fossils, and possi-
bly even some geochemical parameters. The equivalent profile for shales
will be based primarily on bedding (types, thickness, and degree of perfec-
tion), on bioturbation (kinds and abundance), on fossil content (kinds and
abundance), and finally on the amount and type of organic matter. It seems
to us that these four, along with supplementary evidence from associated
lithologies, shale body geometry, bounding contacts, and position in the
basin, are essential in developing a better environmental perception of
shales. We suggest bedding, bioturbation, fossils, and organic geochemistry
as the most useful because they most closely reflect the primary depositional
processes of mud deposition. To this we would add information about
paleocirculation based on evidence from directional structures of the minor
sandstones and carbonates that are commonly associated with most shales
or possibly from the orientation of silt, fragments of wood, and/or elongate
fossils, such as graptolites, as was done very early by Ruedemann (1897) for
the Ordovician Utica Shale of New York.

SOURCES OF MUD

Terrigenous mud consisting of clay minerals as well as fine quartz and feld-
spar and detrital micas is mostly generated at the earth’s surface by the
erosion of preexisting muds, mudstones, and shales. We feel this is so,
because shale alone forms 60% of the sedimentary section; moreover, sedi-
mentary rocks themselves cover most of the earth’s surface (Way 1973, p.
75). The ultimate source is the weathering of silicates formed at high pres-
sures and temperatures and therefore mostly unstable at the earth’s crust
(Fig. 1.2). Another probable source, at least during the earth’s major periods
of glaciation, is abrasion by continental ice sheets and production of rock
flour. Other sources include volcanic dust (perhaps a major source during
the earth’s earliest days) and dust from the deflation of continental deserts.
Organisms that pulverize and ingest sediment are a very minor source of ter-
rigenous mud.

Clay minerals form from the weathering of primary minerals in the follow-
ing general way:

H* + primary mineral — intermediate clay mineral weathering
products + solutions — gibbsite + solutions

For instance:

H* + potash feldspar — (sericite) = montmorillonite —
kaolinite — gibbsite



