
The Sedimentary Record of Sea-Level Change

This unique textbook describes how past changes in sea-level can be detected through
analysis of the sedimentary record. In particular, it concentrates on the theory of sequence
stratigraphy, which provides a framework for how entire sedimentary systems evolve
through geological time. This theory is widely used to understand the genesis of the
sedimentary record, to examine the global synchroneity of sedimentary cycles and in the
exploration for hydrocarbon reserves. The book explains the current sequence stratigraphy
model from basics and shows how the model can be applied to both siliciclastic and
carbonate successions. It also covers stratigraphical techniques, mechanisms for sea-level
change and forward modelling of stratigraphical geometries. A variety of case studies are
presented including a deltaic siliciclastic succession from the Gulf of Mexico; an in-depth
study of the fluvial to open-marine siliciclastic deposits exposed in the Book Cliffs, USA;
a shallow-marine carbonate platform succession from Mallorca; and a carbonate ramp
succession from Spain.

Designed for undergraduate and graduate courses, as well as professionals, this textbook
includes numerous features that will aid tutors and students alike including full colour
diagrams, case studies, set-aside focus boxes and bulleted questions and answers. The book
is supported by a website hosting sample pages, selected illustrations to download, and
worked exercises: http://publishing.cambridge.org/resources/0521831113

The authors of this book have been closely involved in the testing, development and
application of the sequence stratigraphy model since the 1980s. They are all field geologists
with much experience of collecting and interpreting data from the sedimentary record. Each
of them teaches sedimentology and sequence stratigraphy at their respective institution, and
they have combined this experience to write a clear and readable book.

The project was initiated by Angela Coe (Senior Lecturer at The Open University, Milton
Keynes, UK) and Chris Wilson (Professor of Earth Sciences at The Open University) as
part of the development of a new Open University Course, and the material has been tried
and tested by Open University students. Dr Coe’s research includes the identification and
interpretation of sedimentary cycles within Jurassic and Miocene deposits, particularly
mudrocks, together with developing new stratigraphical techniques. Professor Wilson’s
interests include sedimentology and, based on work he completed as part of two ODP
cruises, the tectonic evolution of the Atlantic margin. Kevin Church is an Associate
Lecturer at The Open University with expertise on sequence stratigraphy of the
Carboniferous of England, an example of which has been used to illustrate the theory
presented in Chapters 3 to 5. Stephen Flint (Professor of Stratigraphy and Petroleum
Geology, Director of the Stratigraphy Research Group, University of Liverpool, UK) and
John Howell (formerly at Liverpool University, now Professor of Production Geology,
University of Bergen, Norway) contributed the Book Cliffs case study, which is based on
their extensive work and that of other members of the Liverpool University Stratigraphy
Research Group. Professors Flint and Howell continue to work on stratigraphical
architecture of sedimentary systems and methods for modelling hydrocarbon reservoirs.
Dan Bosence (Professor of Carbonate Sedimentology at Royal Holloway University of
London, UK) has broad experience of both modern and ancient carbonate deposits. His
current research projects include high-frequency Jurassic carbonate cycles in Europe and
North Africa and numerical modelling of carbonate platform stratigraphy. His expertise was
combined with that of Professor Wilson to produce Part 4 of this book.



Cover photograph Foreshore near Santa Barbara, California, USA. The cliffs expose the
Monterey Formation, a thick, laterally extensive organic carbon-rich mudrock succession
(weathered to a pale yellow). This is interpreted to have been deposited due to upwelling
associated with global cooling and sea-level fall in the mid-Miocene. It has been suggested that
deposition of these organic-rich mudrocks enhanced global cooling by a positive feedback
mechanism, i.e. that as the mudrock was deposited, it led to drawdown of CO2 from the
atmosphere, which in turn led to further cooling (the Monterey hypothesis). The Monterey
Formation is an important source rock for California’s oil reserves. The large Pacific waves
cause movement of considerable amounts of foreshore and shoreface sediments along this coast
as well as making it popular for surfing. (Angela Coe, Open University.)



Authors:

Angela L. Coe

Dan W. J. Bosence

Kevin D. Church

Stephen S. Flint

John A. Howell

R. Chris L. Wilson

The Sedimentary Record of
Sea-Level Change

l

Edited by Angela L. Coe



PUBLISHED BY THE PRESS SYNDICATE OF THE UNIVERSITY OF CAMBRIDGE

The Pitt Building, Trumpington Street, Cambridge, United Kingdom

CAMBRIDGE UNIVERSITY PRESS

The Edinburgh Building, Cambridge CB2 2RU, UK

40 West 20th Street, New York, NY 10011-4211, USA

477 Williamstown Road, Port Melbourne, VIC 3207, Australia

Ruiz de Alarcón 13, 28014 Madrid, Spain

Dock House, The Waterfront, Cape Town 8001, South Africa

http://www.cambridge.org

Copyright © 2003 The Open University

This book is in copyright. Subject to statutory exception and to the provisions of relevant
collective licensing agreements, no reproduction of any part may take place without the written
permission of The Open University.

First published 2002

This co-published edition first published 2003

Printed in the United Kingdom by Bath Press, Blantyre Industrial Estate, Glasgow G72 0ND, UK

Typefaces: text in Times 11/13pt; headings in Futura

System: Adobe Pagemaker

A catalogue record for this book is available from the British Library.

ISBN 0 521 53842 4  paperback ISBN 0 521 83111 3  hardback

This publication forms part of an Open University course, S369 The Geological Record of
Environmental Change. Details of this and other Open University courses can be obtained from
the Call Centre, PO Box 724, The Open University, Milton Keynes MK7 6ZS, United Kingdom.
Tel. +44 (0)1908 653231, e-mail ces-gen@open.ac.uk  Alternatively, you may visit the Open
University website at http://www.open.ac.uk where you can learn more about the wide range of
courses and packs offered at all levels by The Open University.

2.1



Contents
Preface 8

PART 1  Introduction 9

1 Sedimentary rocks as a record of
Earth processes 9

1.1 Interpreting time from the sedimentary record 11

1.2 Processes 15

1.3 Repetition in the sedimentary record 16

1.4 Summary and conclusion 17

1.5 References 17

2 Division of the stratigraphical record
and geological time 18

2.1 Stratigraphical techniques 20
2.1.1 Lithostratigraphy 20
2.1.2 Biostratigraphy 20
2.1.3 Radiometric dating 22
2.1.4 Magnetostratigraphy 23
2.1.5 Chemostratigraphy 24
2.1.6 Astrochronology 26

2.2 Timing is everything 30

2.3 The geological time-scale 32

2.4 Summary 32

2.5 References 33

3 Sea-level change 34

3.1 Noah’s flood: a record of sea-level change 34

3.2 Measurement of sea-level change 38
3.2.1 Oxygen isotopes 38
3.2.2 Coastline maps and coastal sediments 41
3.2.3 Tide-gauge records 42

3.3 Why does sea-level change? 43

3.4 What do we mean by ‘sea-level’? Definitions
of eustasy, relative sea-level and water
depth 44

3.5 An example of sea-level change from the
Carboniferous sedimentary record 46

3.6 Conclusion 54

3.7 Summary 54

3.8 References 55

PART 2  Sequence stratigraphy
and sea-level change 57

4 Sequence stratigraphy 57

4.1 Sediment accommodation space 58

4.2 Filling basins with sediments and the
development of parasequences 61

4.2.1 Parasequence sets, progradation, aggradation
and retrogradation 64

4.2.2 Regression and forced regression 66

4.3 Sequences and systems tracts 68
4.3.1 The construction of a sequence 69
4.3.2 Field examples of key surfaces and systems tracts 84
4.3.3 Natural variability and summary of the features

of sequences 87

4.4 The Carboniferous example revisited 88

4.5 Lithostratigraphy versus chronostratigraphy,
seismic stratigraphy, and the geometry of
sequence stratigraphical surfaces 90

4.6 Global sea-level change and eustatic
sea-level charts 94

4.7 Summary 95

4.8 References 98

5 Processes controlling relative
sea-level change and sediment supply 99

5.1 Climatic processes 101
5.1.1 Glacio-eustasy 101
5.1.2 Eustatic sea-level changes during greenhouse

conditions 101
5.1.3 The role of climate in sediment supply 102
5.2 Tectonic processes 103
5.2.1 Tectono-eustasy 103
5.2.2 Intraplate stresses 104
5.2.3 Inhomogeneities in the mantle and geoidal

sea-level change 105
5.2.4 Active faulting (neotectonics) 106
5.2.5 Tectonics and sediment supply 106

5.3 Sediment compaction and its control on
relative sea-level 106

5.4 How do we unravel these controls? 107

5.5 Multiple order sea-level fluctuations 108
5.5.1 Deposition of successive sequences during a

longer-term eustatic sea-level fall 109
5.5.2 Deposition of successive sequences during

longer-term eustatic sea-level rise 112
5.5.3 Deposition of successive sequences during a

longer-term eustatic sea-level high 112
5.5.4 So what about subsidence? 112



5.6 The Carboniferous example revisited again 114

5.7 Summary 116

5.8 References 117

6 Case study: Quaternary of the
Gulf of Mexico 118

6.1 Geological setting 119

6.2 The Viosca Knoll borehole 119
6.2.1 Sedimentology 119
6.2.2 Age and palaeoclimates 120
6.2.3 Palaeobathymetry 123
6.2.4 Oxygen isotopes 123
6.2.5 Correlating Viosca Knoll with known periods of

glaciation 125
6.3 Seismic reflection data 125

6.4 Sedimentology and sequence stratigraphy
of the Viosca Knoll borehole 127

6.4.1 Depositional history 127
6.4.2 Summary of the general features of the

systems tracts 131
6.5 Conclusions and summary 133

6.6 Reference 133

PART 3  Siliciclastics case study:
The Book Cliffs 135

7 Tectonic setting, stratigraphy and
sedimentology of the Book Cliffs 135

7.1 Introduction to the geology of the Book Cliffs 135

7.2 Summary geological history and regional
tectonic setting 138

7.3 Summary of the Book Cliffs stratigraphy 140

7.4 Review of the sedimentology of the
Book Cliffs 142

7.4.1 Offshore facies association 143
7.4.2 Shallow-marine facies association 143
7.4.3 Coastal plain facies association 150
7.4.4 Barrier island, lagoon and estuarine facies

associations 152
7.4.5 Braided fluvial systems 156

7.5 Summary 157

7.6 References 157

8 The parasequences of the Book
Cliffs succession 158

8.1 Parasequences in wave-dominated coastal
depositional systems 158

8.1.1 Complete vertical succession 159
8.1.2 Parasequences along a depositional dip profile 161
8.2 Parasequences in a river-dominated coastal

depositional system 165

8.3 Parasequences in the non-marine environment 167

8.4 Model for the formation of parasequences
within the Book Cliffs succession 173

8.5 Parasequence stacking patterns 177
8.5.1 Progradational stacking pattern 177
8.5.2 Retrogradational stacking pattern 177
8.5.3 Aggradational stacking pattern 178

8.6 Summary 178

8.7 References 178

9 Sequences and systems tracts
in the Book Cliffs 179

9.1 Sequence boundaries 181

9.2 Falling stage and lowstand systems tracts 183
9.2.1 Aberdeen and Kenilworth falling stage

systems tracts 184
9.2.2 Sand-rich forced regression shoreline

deposits (the Panther Tongue) 186
9.2.3 Muddy, heterolithic shoreline deposits

(Prairie Canyon Member of the
Mancos Shale) 186

9.2.4 Braided fluvial forced lowstand deposits
(the Castlegate Sandstone) 188

9.3 Transgressive systems tracts 189
9.3.1 Lower transgressive systems tracts; incised

valley fills 189
9.3.2 Upper transgressive systems tracts 195

9.4 Maximum flooding surfaces 196

9.5 Highstand systems tracts 196

9.6 Summary 196

9.7 References 197

10 Sequence stratigraphical evolution
of the Book Cliffs succession 198

10.1 Sequence hierarchy 200

10.2 Controls on sequence development 202

10.3 Milankovich processes and palaeoclimate 206

10.4 Summary 207

10.5 References 208



PART 4  Carbonates 209

11 Carbonate depositional systems 209

11.1 Carbonate sediments are different 209

11.2 Carbonate platforms 214

11.3 Modern carbonate depositional
environments 219

11.3.1 Climatic and oceanographic setting of
Florida and the Bahamas 219

11.3.2 South Florida 220
11.3.3 The Great Bahama Bank 226
11.3.4 The southern Arabian Gulf 228

11.4 Summary 231

11.5 Further reading 233

12 Sequence stratigraphy of carbonate
depositional systems 234

12.1 Major controls on the sequence
stratigraphy of carbonate platforms 234

12.1.1 Sediment supply and carbonate platform
flooding 234

12.1.2 Relative sea-level change and sequence
development 235

12.1.3 Small-scale cycles or parasequences 237
12.1.4 Dissolution and cementation 238
12.1.5 Sediment partitioning and relative sea-level

change 239

12.2 Sequence stratigraphy of rimmed carbonate
platforms 241

12.2.1 Transgressive systems tract 241
12.2.2 Highstand systems tract 242
12.2.3 Falling stage and lowstand systems tract 243
12.2.4 Variations in rimmed platform sequence

stratigraphy 244
12.3 Sequence stratigraphy of carbonate ramps 245
12.3.1 Transgressive systems tract 246
12.3.2 Highstand systems tract 247
12.3.3 Falling stage systems tract and lowstand

systems tract 247
12.3.4 Variations in carbonate ramp sequence

stratigraphy 247

12.4 Numerical stratigraphical modelling 249
12.4.1 Controlling parameters 250
12.4.2 Modelling carbonate platform stratigraphy 251

12.5 Summary 254

12.6 References 255

13 Application of sequence stratigraphical
analysis to ancient carbonate
platforms 257

13.1 Case Study 1: Miocene of Mallorca 257
13.1.1 Setting 257
13.1.2 Facies and palaeoenvironments 257
13.1.3 Sequence stratigraphy 260
13.1.4 Numerical modelling of Cap Blanc section 262

13.2 Case Study 2: an Upper Jurassic ramp
from NE Spain 265

13.2.1 Geological setting, stratigraphy and facies 265
13.2.2 Sequence stratigraphy 267
13.2.3 Stratigraphical modelling 270

13.3 Summary 273

13.4 References 274

Acknowledgements 274

Figure references for this book 275

Index 279



8 Preface........

Preface
The Sedimentary Record of Sea-Level Change is about how we can detect past changes in sea-
level from an analysis of the sedimentary record. In particular, it concentrates on the
revolutionary new concept of sequence stratigraphy. This concept has changed the way in which
many sedimentologists and stratigraphers examine sedimentary rocks because it provides a
framework for how entire sedimentary systems evolve through geological time and places
emphasis not only on the sediments themselves, but also on gaps between sedimentary units. In
addition, sequence stratigraphy incorporates two long-standing observations: first, that the
sedimentary record shows repetitions or cycles; and secondly, that some sedimentary units can
be traced over long distances.

Sequence stratigraphy is a method of dividing the sedimentary record into discrete packages,
where each package is interpreted to represent a cyclic change in sea-level and/or sediment
supply. Evidence in the sedimentary record shows that rises and falls in sea-level together with
changes in sediment supply have occurred repeatedly throughout geological time. These
fluctuations are of various magnitudes and took place on a number of different time-scales.
The constituent parts of these sedimentary packages map out the position of sea-level and/or the
change in sediment supply within a cycle and enable their inter-relationship through time to be
analysed.

There are several reasons why sequence stratigraphy is useful. First, it is a more holistic way of
examining the sedimentary record because it considers ‘what is missing’ as well as ‘what is
present’ in the sedimentary record; and secondly, it places emphasis on examination of the
sedimentary record over discrete time periods. Therefore, evolving palaeogeographies are
studied together with how different sedimentary environments, from fluvial systems to coastal
environments and into the deep sea, have interacted and affected each other. The technique has
been widely used in the prediction of hydrocarbon reserves and also to examine the global
synchroneity of sedimentary cycles; however, their synchroneity still remains unproved as does
the mechanism controlling sea-level change for many parts of the geological record. The aim of
this book is to explain the theory of sequence stratigraphy and to illustrate this with several case
studies. It does not discuss the global synchroneity (or not) of sequence cycles or cover how the
sequence stratigraphy model has evolved; instead, the book attempts to present the current
model in a pragmatic, clear and concise fashion.

The book is divided into four parts. The first part examines what it is about sedimentary rocks
that makes them important and useful for determining sea-level change, how we can determine
geological time, and introduces sea-level change. It also includes an examination of some
possible evidence for Noah’s flood. Part 2 covers the theory of sequence stratigraphy and
mechanisms for sea-level change. It ends with a short case study from the Gulf of Mexico. Part
3 is a longer case study of the famous siliciclastic succession from the Book Cliffs, Utah, USA.
The succession comprises fluvial to open marine deposits that are well exposed in a spectacular
cliff face about 300 km long and up to 300 m high. Part 4 examines how carbonate sediments
respond to sea-level change and shows how these responses can be forward modelled to predict
different stratigraphical geometries and successions. Both modelling and exposure information
are presented in case studies from Mallorca and north-east Spain. The Mallorcan example is
particularly impressive as the present-day topographical height of the crest of the reef
approximates to an ancient sea-level curve.

This book is aimed at advanced undergraduates and graduates. Readers are expected to have a
basic understanding of sedimentary rocks, processes and depositional environments (though
further information can be obtained from the references). It is designed as a teaching text for
independent study in a linear fashion, and includes short bulleted questions followed directly by
answers. These are designed to make the reader pause for a moment and think about a
fundamental point concerning the subject matter. Supplementary and/or background
information, which some readers may already be familiar with, is placed in boxes.

This book forms a part of an advanced undergraduate course offered by The Open University,
UK, entitled S369 The Geological Record of Environmental Change.

Angela Coe, February 2003


