o

R

Earth surface Processes,
Landforms and Sediment

Deposits

P

G S

v 0

e M bl

ATty s ot
e ey




Earth Surface
Processes,
Landforms
and Sediment
Deposits

John Bridge

and
Robert Demicco

BB CAMBRIDGE
&P UNIVERSITY PRESS



CAMBRIDGE UNIVERSITY PRESS
Cambridge, New York, Melbourne, Madrid, Cape Town, Singapore, Sdo Paulo

Cambridge University Press
The Edinburgh Building, Cambridge CB2 8RU, UK

Published in the United States of America by Cambridge University Press, New York

www.cambridge.org
Information on this title; www.cambridge.org/9780521857802

© 1. Bridge and R. Demicco 2008

This publication 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 Cambridge University Press.

First published 2008

Printed in the United Kingdom at the University Press, Cambridge

A catalog record for this publication is available from the British Library

ISBN 978-0-521-85780-2 hardback

Cambridge University Press has no responsibility for the persistence or
accuracy of URLs for external or third-party internet websites referred to
in this publication, and does not guarantee that any content on such
websites is, or will remain, accurate or appropriate.



Acknowledgments

This book is based on the insights we have gained from
our teachers and from many years of our own study,
research, teaching, and discussions with many col-
leagues and our students. We thank all of them.
J.S.B. acknowledges in particular the important
influence of his teachers, Percy Allen and John Allen
at Reading University, and Ken Walton at St
Andrews University. Long-term academic and per-
sonal interactions with Mike Leeder, Jim Best, and
Rudy Slingerland have been a source of inspiration,
Heather has been a wonderful source of comfort and
encouragement. R. V. D. acknowledges the early influ-
ences of Greg Horne and Peter Patton at Wesleyan
University, and William Dupre, now at the University
of Houston. R.V.D.’s long-term academic and per-
sonal interactions with Lawrence Hardie at Johns
Hopkins University and his cohort of students there,
inclnding Ron Spencer, Tim Lowenstein, and
Raymond Mitchell, have been particularly important.
Karen has been an unending source of encouragement
and inspiration.

We have been very privileged to have various chap-
ters in this book reviewed by experts in the field, and

want to extend our sincere thanks to these reviewers for
their time and effort: Gail Ashley, Jeff Barker, Dave
Evans, Lawrence Hardie, Nick Harris, Steve Hasliotis,
Gary Kocurek, Paul Komar, Lee Kump, Nick
Lancaster, Mike Leeder, Don Lowe, Tim Lowenstein,
Henry Posamentier, J. Fred Read, Greg Retallack,
Bruce Simonson, Rudy Slingerland, Dorrick Stow, and
Robert (Bo) Tye. We especially thank Jim Best for his
review of the entire book. We also want to absolve these
reviewers of any responsibility for deficiencies in this
book. Some of the reviewers also provided us with pho-
tos, and additional photos were provided by Chris
Ammon, Peter Ashmore, Jaco Baas, Henk Berendsen,
Jan Boelhouwers, Rob Brander, Ann Dittmer, Guy
Gelfenbaum, Bob Ginsburg, John Grotzinger, Lawrie
Hardie, Mitch Harris, Paul Hoffman, Dave Hyndman,
Richard Kesel, Peter Knuepfer, Suzanne Leclair, Tim
Lowenstein, Joe Mason, Ray Mitchell, Art Palmer,
Arjan Reesink, Kenji Satake, Bruce Simonson, Joe
Smoot, Norman Smith, Elizabeth Turner, Janrik Van
Den Berg, Goncalo Vieira, and Brent Waters. Anne
Hull and Dave Tuttle are thanked for their assistance
in preparing some of the diagrams.

vii



Figure credits

The publishers and individuals listed below are gratefully acknowledged for giving their permission to use figures
and illustrations in journals and books for which they own the copyright. In most cases, the figures have been
redrawn. The original source (author and copyright date) is cited in the figure captions and details of the
publication can be found in the references. Every effort has been made to obtain permission to use copyrighted
materials, and sincere apologies are rendered for any errors or omissions. The authors would welcome these being

brought to their attention.

Copyright owner
Allen, J.R. L.

American Association for the Advancement of
Science
Science
American Association of Petroleum Geologists
AAPG Bulletin
AAPG Computer Applications in Geology 3
AAPG Memoir 33
AAPG Memoir 77

American Geological Association
Image Bank
American Geophysical Union
Geophysical Monograph
Journal of Geophysical Research
Reviews of Geophysics
Water Resources Research
American Journal of Science
American Society of Civil Engineers
Journal of Hydraulic Engineering
Annual Review of Earth and Planetary Sciences
Aqua Publications
Berner, E. K. and Berner, R. A
Blackwell Publishing
An Introduction to Marine Ecology
Carbonate Sedimentology
_ Earth Surface Processes
Fossil Invertebrates
Glacial Science and Environmental Change

Figure number
S9A,5.22,7.8A,7.8B, 7.18A, 7.25A, 7.25B, 7.25C, 7.28,
8.12A, 8.12B, 8.15A, 12,4, 15.18B, 15.26D, 15.34

2.28,7.35,9.13,11.28D

13.3A,13.46E, 13.51, 15.59D, A27

13.47A,13.74

15.59A, 15.59B, 15.60A, 15.60B

4.10A, 4.10B, 4.10C, 4.10F, 4.10G, 4.10H, 4.101, 4.10J,
4.10K, 4.10L, 4.13C, 4.13D, 4.23A, 19.4D, 19.9B, 19.9C,
19.9D, 19.9E, 19.10D, 19.14D, 19.14H

LIF

4.19A,4.19B,4.20

47A,4.78, 5.26B, 15.3B, 15.5B
19.3A, 19.3B, 19.3C

5.31B, 13.5B, 13.25

19.13, Table 4.3

5.25

6.10A, Table 2.7

5.17A,5.17B

3.9A, 3.9B, 3.9C, 3.9D, Table 3.3

15.50A, 15.51

15.1A, 15.1B, 15.1C, 18.11A, 18.11B, 18.11C

7.12A, 12.13A, 18.14, 20.22

4.9,7.12B, 11.8

17.9A, 17.9B viii



Figure credits

1AS Special Publications

Marine Geochemistry

River Flows and Channel Form

Sedimentary Environments: Processes, Facies
and Stratigraphy

Sedimentary Petrology: An Introduction to the
Origin of Sedimentary Rocks

Sedimentology and Sedimentary Basins: From
Turbulence to Tectonics

Sequence Stratigraphy

Soils of the Past, 2nd edn.
Blackwell Publishing Journals

Basin Research

Sedimentology

Boersma, J. R.

Bromley, R.G.

Bryant, E.

Cambridge University Press
Geodynamics, 2nd edn.

Cambridge University Press Journals
Journal of Fluid Mechanics

Canadian Society of Petroleum Geologists
Memoir 5
Memoir 16

Cengage Learning Services Ltd

Colorado State University

Columbia University Press
Sedimentographica, 2nd edn.

Elsevier
Climates Throughout Geologic History
Developments in Sedimentology 12
Developments in Sedimentology 20
Developments in Sedimentology 30

Developments in Sedimentology 50
Academic Press — Global Physical Climatology

Pergamon Press — Descriptive Physical
Oceanography
Pergamon Press — The Physics of Glaciers
Elsevier Journals
Earth Science Reviews
Geomorphology
Marine Geology

5.64, 5.74B, 13.50, 18.12A, 18.12B, 20.19A

18.15, 18.19B

13.8

9.3A,9.7, 10.7D, 17.21A, 17.21B, 18.19A, 18.20A, 18.27,
Table 9.1

20.5, A23, A26

2.15A, 2.15B, 2.15C, 5.46, 6 4A, 7.11, 7.15, 7.18B, 13.3B,
13.68, 15.3A, 15.3C, 153D, 15.10A, 16.1, 16.8, 18.18B,
18.26D>, 18.26E, 20.2, 20.10B, A30

20.3B

Table 3.7

20.6, 20.15A, 20.15B, 20.15C, 20.15D, 20.16A, 20.16B,
20.16C, 20.16D

4.6, 5.34A, 5.34B, 5.50B, 5.50C, 5.50D, 5.62, 5.65, 5.68A,
5.68B, 5.68D, 5.69A, 5.69B, 5.72, 5.73, 6.12D, 7.31A,
7.31B, 7.31C, 8.11, 9.11A, 13.20, 13.35, 13.59A, 13.71,
13.72,15.2B, 16.2B, 16.13, 20.8, 20.9, 20.21A, Al6, Al17,
Al9

721A

11.2A,11.2B, 11.3A, 11.5, 11.7A, 11.7B,11.7C, 11.7D
7.33, 7.34A, 7.34B, 7.36

2.2A, Table 2.1
8.9D

5.49

7.29A, 15.35D
6.1

13.5A

11.11E, 11.11F, 12.2B

2,25

4.11A, 15.38A, Table 19.2

11.20B, 11.25A, 11.25B, 16.22A, 16.22E

5.35, 5.48B, 5.60, 5.63A, 5.63B, 5.63C, 5.74C, 6.1, 7.21B,
12.10, 13.22

16.2A, 16.2C

25A,2.5B,2.10A, 2.10B, 2.11A, 2.11B, 2.11C, 2.13A,
2.13B, 2.14, Table 2.4

18.17A, 18.18A,2.23

10.2A, 10.2B
10.7C, 10.9

13.17B
20.3A



Figure credits

Quaternary Science Reviews
Sedimentary Geology

Gelfenbaum, G.
Geological Association of Canada
Diagenesis
Facies Models, Ist edn.
Facies Models: Response io Sea Level Change

Geoscience Canada
Geological Society of America
Buylletin
Geology
The Geology of North America K-2
Map Series
Geological Society of Australia
Geological Society Publishing House
Geological Society Memoir 22
Geological Society Special Publication 53
Geological Society Special Publication 72
Geological Society Special Publication 75
Geological Society Special Publication 94
Geological Society Special Publication 163
Geological Society Special Publication 180
Geological Society Special Publication 203
Journal of the Geological Society
Google Earth
Hodder Education
Arnold Press — Fluvial Form and Processes
Arnold Press — Glaciers and Glaciation
Hoeksema, R.
International Commission on Stratigraphy
International Glaciological Society
Journal of Glaciology
John Wiley and Sons, Incorporated
Experimental Fluvial Geology
Statistics and Data Analysis in Geology
John Wiley and Sons, Limited
A4 Color Guide to Paleosols
Advances in Fluvial Dynamics and Stratigraphy
Coherent Flow Structure in Open Channels
Glacio-Fluvial Sediment Transport — An Alpine
Perspective
John Wiley and Sons, Limited, Journals
Journal of Quaternary Research
Johns Hopkins University Press
Studies in Geology 22

2.16A,2.168B, 2.16C, 2.16D

11.14A, 11.14B, 11.14C, 11.14D, 13.32C, 13.46A, 13.46B,
13.46C, 13.46D, 13.48, 20.11B, 20.11C, 20.19B

1.3A

19.4E, 19.12

18.28A, 18.28B

11.10A, 11.10B, 11.12B, 11.13, 15.10B, 15.19, 15.35C,
15.52A,15.52B, 15.62,17.1,17.19A,17.198, 17.19C, 18.2,
18.13A, 18.13B, 18.13C, 18.28C, 18.28D

5.59

7.24
2.27,4.16, 5.38
9.1, Table 9.2
15.38

15.60C

18.20B

17.20C

16.7A

13.23,13.30, 13.36

8.12D

13.63, 13.73

15.7, 15.30A, 15.30B

17.17

6.12F

14.3A, 15.14C, [5.14F,15.39A, 15.43, 15.58B

13.9, 13.10

10.7A, 17.5B, 17.27
1.4C

2.4, A3l

10.6, 10.8E, 10.8F

13.69
A38

3.17

5.9B, 5.32, 5.33, 5.36
5.51A

10.5A

17.5C

15.39



Figure credits

Manson Publishing Limited
A Colour Atlas of Carbonate Sediments and
Rocks Under the Microscope
Maryland Geological Survey
Report of Investigations 36
McGraw Hill
Bringing Fossils to Life
NASA

Nature Publishing Group
Nature
Palm Beach County Environmental Resources
Management
Parabolic Press
An Album of Fluid Motion
Pearson
Atlas of Sedimentary Rocks Under the
Microscope

Marine Ecology
Surface Processes and Landforms

Prentice-Hall — Beach Processes and
Sedimentation
Prentice-Hall — Geochemistry of Natural Waters
Prentice-Hall — Glacial Geomorphology and
Geology
Prentice-Hall — Nature and Properties of Soils,
13th edn.
Prentice-Hall — Origin of Sedimentary Rocks
Prentice-Hall — Principles and Applications of
Geochemistry
Princeton University Press
Phanerozoic Diversity Patterns
Ritter, D. F., Kochel, R.C., and Miller, J. R.
Routledge
Geomorphology of Desert Dunes
Science Museum/Science and Society Picture
Library
Senckenbergiana Maritima
Slingertand, R.
Smithsonian Contributions to Earth Science 33
Society of Economic Paleontologists and
Mineralogists
Hydrologic Models of Sedimentary Aquifers

19.10F, 19.14B, 19.14C, 19.14E, 19.14F, 19.14G

11.4

2.29
1.1B, 1.1E, 6.3A, 15.49B, 16.2D, 16.5B, 16.20A, 16.23A,
17.4C, 18.16, 18.17B

6.12E, 8.5D, 17.23C
1.4D

5.1,7.3B, 7.8C

3.20A, 3.20B, 3.20C, 3.20D, 3.20E, 3.20F, 3.21A, 3.21B,
3.21C, 3.21D, 3.21E, 4.10D, 4.10E, 4.11C, 4.11F, 4.13A,
4.13B, 4.23B, 4.23C, 19.10E

11.6B

3.23A, 3.23B, 3.23E, 17.14, 17.22A, 17.22B, 17.24A,
17.24B

7.2A,7.2B,7.4,7.10,7.27, 15.17

3.7,3.8,3.13A,3.13B
17.23A,17.23B, 17.23D, 17.25, 17.26A

3.16B

3.18A, 3.18B
3.2,3.10A, 3.10B
I1.16

8.16A, 8.16B, 8.17

6.6,6.8,6.11A,6.11B, 6.12A, 6.12B, 16.5A, 16.6
9.5

15.18A

20.7
16.26, 16.27

13.75A

JSP/JSR 4.7C,4.8A, 4.8B, 5.58, 5.74A, 5.74D, 6.12C, 7.14A, 7.14B,
7.19A, 8.6, 11.23A,12.5, 13.59B, 15.11A, 15.26A, 15.26B,
15.35A, 15358, 16.10A, 16.10B, 16.14A, 16.14B, 16.14C

Palaios 11.23E, 11.23F



xii

Figure credits

SEPM Contributions in Sedimentology and
Paleotology 8
SEPM Short Course 9
SEPM Short Course 16
SEPM Slide Set 4
SEPM Special Publication 28
SEPM Special Publication 33
SEPM Special Publication 52
SEPM Special Publication 59
SEPM Special Publication 61
SEPM Special Publication 67
SEPM Special Publication 83
SEPM Special Publication 84

Springer
Atlas and Glossary of Primary Sedimentary
Structures
Depositional Sedimentary Environments: With
Special Reference to Terrigenous Clastics
The Geology of Continental Margins
Hot Brines and Recent Metal Deposits in the Red
Sea: A Geochemical and Geophysical Account
Lakes: Chemistry Geology and Physics
Microfacies of Carbonate Rocks: Analysis,
Interpretation and Application
The Persian Gulf: Holocene Carbonate
Sedimentation and Diagenesis in a Shallow
Epicontinental Sea
Sand and Sandstone
Volcanism
Kluwer Academic Press — Atlas of Deep Water
Environments:
Kluwer Academic Press — Diagenesis, a
Quantitative Perspective:
Kluwer Academic Press — Encyclopedia of
Sediments and Sedimentary Rocks
Kluwer Academic Press — Offshore Tidal Sands
Springer Journals
Mathematical Geology
Steur, H.
Thompson Brooks/Cole
Natural Hazards and Disasters, 2005 Hurricane
Edition
USDA Soil Survey
USGS
Alaska Volcano Observatory
Cascades Volcano Observatory
Professional Papers
University of Chicago Press
Journal of Geology

11.6A, 15.58A, 16.24, 18.10A, 18.10B, 20.20A, 20.20B

5.55

17.12A, 17.12B, 17.12C
15.6A

15.44B

15.9A

20.1TA

20.17

7.29C

11.23B, 11.23C, 11.23C
11.9, 15.34C, 15.35E, 15.35F
18.3, 18.4B, 18.6, 18.8, 18.21A, 18.21B, 18.22, 18.23B,
18.24B, 18.25C

11.11A, 11.21D, 12.1A, 12.9A, 12.11B, 12.12, 15.49A
12.2A,12.3, 12.6B

15.36A, 15.36B, 20.13B
421A,421B

Table 3.1
19.8

16.20B

3.21F, Al4, A15, A24, A25, Table 3.10
9.2,9.4A,9.4B,9.4C,9.4D, 9.4E, 9.6,9.10D, 9.10E, 9.1 1B
18.26A, 18.26B, 18.26C, 18.29A, 18.29B

19.5A,19.5B

4.14,4.15,4.18A,4.18B, 4.22B

15.34A

13.47B, 13.75B
19.10C

7.7,8.3A, 8.7C, 8.15B

3.15A, 3.15B, 3.15C, 3.16A

9.11C

9.3B, 9.3C, 9.8a, 9.8b, 9.9, 9.10A, 9.10B, 9.10C, 9.12
5.12,13.24, Table 3.5

13.12



Figure credits

xiii

University of Washington Press
Glacier Ice ( Revised Edition)

Vallis Press
Submarine Channels: Processes and Architecture
W.H. Freeman and Company
Earth, 2nd edn.
Understanding Earth, 4th edn.
Wolman, M. G.
W.W. Norton Company
Evolution of Sedimentary Rocks
Young, R.

10.3B, 10.3C, 10.4B, 10.4C, 10.5B, 10.8B, 17.2A, 17.2B,
17.2C

18.5

2.2B,2.2C, 2.2D, 2.3A, 2.3B, 2.3C, 2.3D
18.1

5.31,13.77C

Table 3.6
1.3



Contents

Acknowledgments
Figure credits

PART | Introduction

I Definitions, rationale, and scope of the book
2 Overview of the Earth

PART 2 Production of sediment at the Earth’s surface

3 Weathering of rocks, production of terrigenous sediment, and soils
4 Biogenic and chemogenic sediment production

PART 3 Fundamentals of fluid flow, sediment transport,
erosion, and deposition

5 Unidirectional turbulent water flow, sediment transport, erosion, and deposition
6 Air flow, sediment transport, erosion, and deposition
7 Muitidirectional water flow, sediment transport, erosion, and deposition
8- Movement of sediment by gravity
9 Generation and movement of volcaniclastic sediment
10 Ice flow, sediment transport, erosion, and deposition
Il Biogenic and chemogenic depositional structures
12 Post-depositional deformation of soft sediment

PART 4 Environments of erosion and deposition

13 Rivers, alluvial plains, and fans

14 Lakes

15 Coasts and shallow seas

I6 Arid environments

17 Glacial and periglacial environments
18 Deep seas and oceans

PART 5 Sediment into rock: diagenesis

19 Diagenesis

page vii
viii

3
9

43

45
85

19

121
195
213
255
278
292
311
352

363

365
462
473
563
595
630

671
673



vi

Contents

PART 6 Long-term, large-scale processes: mountains
and sedimentary basins

20 Tectonic, climatic, and eustatic controls on long-term, large-scale erosion
and deposition

References
Index

The plate section falls between pages 24 and 25

701

703

742
795



Part |
Introduction






| Definitions, rationale, and
scope of the book

Definition of terms

Earth surface processes include weathering; sedi-
ment production by weathering and biochemical or
chemical precipitation; erosion, transport, and deposi-
tion of sediment under the influence of gravity,
flowing water, air, and ice; earthquakes and Earth
surface motions; volcanic eruptions and movement
of volcanic ejecta. Study of the landforms (mor-
phology) of the Earth’s surface, including the
processes responsible for such landforms, is called
geomorphology. The study of sediment, specifically
the nature and origin of unconsolidated sediments
and consolidated sedimentary rocks, is called sediment-
ology. Stratigraphy strictly means the description of
(sedimentary) strata, which, by definition, is another
aspect of sedimentology.

Importance of Earth surface processes

Earth surface processes are important for scientific,
engineering, environmental, and economic reasons, as
explained below.

Shaping of the Earth’s surface

Many of the Earth surface processes responsible for
landforms involve the formation, erosion, transport,
and deposition of sediment (Figure 1.1). It is impossible
to understand the formation of depositional landforms
(such as deltas and beaches for example) without
knowledge of the sediments that compose them.
Furthermore, the nature of sedimentary deposits is
likely to be related to the processes of sediment pro-
duction and erosion in the source area. Therefore, the
disciplines of geomorphology and sedimentology are
intimately related. :

Interpretation of ancient surface processes,
landforms, and sedimentary deposits

The only rational way of interpreting the origin
of ancient sedimentary deposits (Figure 1.2) is to com-
pare them with modern sedimentary deposits, or with
theoretical models based on knowledge of modern
sedimentary processes. Then, the sedimentary record
can be interpreted in terms of past Earth surface
processes and landforms, leading to reconstruction of
the geography, tectonics, and climate of the past (i.e.,
Earth history). Evolution of life on Earth and the hab-
itats and lifestyles of past organisms are also recon-
structed from the fossil evidence preserved in
sedimentary deposits.

Knowledge of Earth surface processes, landforms,
and sedimentary deposits is being used increasingly to
interpret the present and past surface environments on
other planets {e.g., Mars), and such interpretation
requires particular care in view of the different phys-
ical, chemical, and biological conditions on other
planets.

Engineering, environmental, and
public-safety issues

Many Earth surface processes involve engineering,
environmental, and public-safety issues, including
landslides and debris flows; river floods; storm surges;
riverbank and beach erosion; sedimentation in naviga-
tion channels; ground movements, landslides, and tsu-
namis associated with earthquakes; eruptions of
volcanic ash and lava, and their effects on climate,
river floods, and sediment gravity flows (Figure 1.3).
Earth surface processes must be understood when
constructing anything on the Earth’s surface: build-
ings, roads, railways, canals, dams, coastal barrages
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FIGURE |.1. Depositional landforms. (A) Channels, levees, and crevasse splays on the Columbia River, BC, Canada. Photo courtesy of
Henk Berendsen. (B) Issaouame sand sea in eastern Algeria. From NASA Earth from Space, (C) Athabasca Glacier, Canada, showing
marginal deposits and the position of the terminus in 1919. Photo courtesy of Henk Berendsen. (D) Beach with ridge and runnel,
Galveston Island, Texas. Photo courtesy of Robert Tye. (E) The Indus River delta. From NASA Earth from Space. (F) Carbonate-sand
tidal sand shoals from the Bahamas. From Earth Science World Image Bank. (See Plate | for color versions.)



Rationale and scope of the book

(Figure 1.4). Earth surface processes must also be
understood when repairing human damage to Earth’s
surface environment: e.g., restoration of natural eco-
systems; remediation of polluted water and air.

¥ -

FIGURE 1.2. A large outcrop of sedimentary rocks from the
Miocene Siwalik Group, northwest Pakistan. (See Plate 2 for color
version.)

Economic resources in sedimentary deposits

Knowledge of sedimentary deposits is essential for the
exploration, development, and management of eco-
nomic resources that they contain: water, oil, and gas
in their pore spaces; stone, sand, and gravel for build-
ing; clay for pottery and bricks, and as a source of
aluminum and iron; limestone for cement; evaporite
minerals; coal and lignite; placer minerals such as
gold (Figure 1.5),

Rationale and scope of the book

It is clear that Earth surface processes, landforms,
and sedimentary deposits are intimately related. They
have a fundamental bearing on understanding Earth
history; modern engineering, environmental, and
public-safety issues; and exploitation and management
of economic resources in sedimentary deposits.
Geomorphologists, sedimentologists, environmental

FIGURE 1.3. (A) Tsunami damage in Banda Aceh, Sumatra, 2004. Photo courtesy of Guy Gelfenbaum of the US Geological Survey

(http://walrus.wr.usgs.gov/tsunami/sumatra05/). (B) Sand deposits in New Orleans associated with levee breaches during Hurricane
Katrina in 2005. Photo courtesy of Suzanne Leclair. (C) Beach erosion, Dauphin Islands, Alabama, following Hurricane Katrina in 2005.
Photo courtesy of Robert Young. (D) A slump and landslide, northern Austria. Photo courtesy of Henry Posamentier. (See Plate 3 for

color versions.)



