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Preface

Since 1968, the Deep Sea Drilling Project (DSDP: 1968-1983), Ocean Drilling
Program (ODP: 1983-2003) and Integrated Ocean Drilling Program (I0DP:
2003-2013) have provided crucial records of past and present processes and
interactions within and between the biosphere, cryosphere, atmosphere, hydro-
sphere, and geosphere. The early DSDP-ODP exploratory phase resulted in the
confirmation of the unifying theory of plate tectonics, shortly followed by the
development of new fields of research such as paleoceanography, astronomically
tuned geochronology, structure and geodynamics of the ocean crust, mineral
resources in oceanic hydrothermal systems, marine gas-hydrate reservoirs, sub-
seafloor life and biogeochemical cycles, and others. Research within the IODP
encompasses a wide range of fundamental and applied topics that affect society,
such as global change, evolution and diversity of life, natural hazards such as
earthquakes, submarine landslides and volcanism, and the internal structure and
dynamics of our planet (Figure 1). Unlike the previous, single vessel drilling
programmes, the IODP operated with three different drilling vessels: the riser-
equipped drilling vessel D/V Chikyu provided by Japan, the non-riser drilling
vessel JOIDES Resolution provided by the United States, and ad-hoc chartered
drilling vessels tailored to specific missions such as the high Arctic or carbonate
reef drilling. These mission-specific platforms were provided by the European
Consortium for Scientific Ocean Drilling (ECORD). With this improved and
more diversified drilling capability, the IODP focused on three broad scien-
tific themes laid out in its guiding science plan: (1) The Deep Biosphere and
the Subseafloor Ocean, (2) Environmental Change, Processes and Effects, and
(3) Solid Earth Cycles and Geodynamics.

This book is the first comprehensive compilation of synthesis papers pre-
senting key results of cutting-edge research carried out within the IODP during
the decade 2003-2013 of IODP operations. The different specialty chapters are
written by internationally well-known and accepted experts in their fields of
research.

The book is divided into five parts. Chapter 1 summarizes the major high-
lights obtained during the one decade of ocean science research within the
IODP. The following Chapters 2 to 4, the “heart of the book,” present in more
detail the main IODP results devoted to the three main IODP themes: The Deep
Biosphere and the Subseafloor Ocean, Environmental Change, Processes and
Effects, and Solid Earth Cycles and Geodynamics. In Chapter 5, an appendix,

Xix
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FIGURE 1 Earth system components, processes, and phenomena to be studied by scientific ocean
drilling. Figure from the 10DP Initial Science Plan; www.iodp.org/initial-science-plan.

background information about cach expedition is shortly presented in one-page
summaries.

This book is suitable for lecturers, graduate students as well as scientists
interested in all types of Earth system studies, with special emphasis on the deep
biosphere, paleoclimate, and solid earth dynamics.



Acknowledgments

We are very grateful to each of the Reviewers, listed below, for numerous
suggestions and comments for improvement of the manuscripts. Furthermore,
special thanks to Derek Coleman and Susan Dennis from the Elsevier staff for
their support during all stages of this project.

Ruediger Stein, Donna Blackman, Fumio Inagaki

and Hans-Christian Larsen (Eds.)
August 2014

XXi






List of Reviewers

Wolfgang Bach, University of Bremen, Germany

Jan Backmann, Stockholm University, Sweden

Ian Bailey, Exeter University, UK

Peter Barrett, Victoria University of Wellington, New Zealand

Gail Christeson, University of Texas, Austin, TX, USA

Mike Coffin, University of Tasmania, Australia

Thomas M. Cronin, US Geological Survey, Reston, VA, USA

André Droxler, Rice University, Houston, TX, USA

Christian Dullo, GEOMAR Kiel, Germany

Patrick Fulton, University of California, Santa Cruz, USA

Joris Gieskes, Scripps Institution of Oceanography, San Diego, CA, USA

Eberhard Gischler, Frankfurt University, Germany

Rob Harris, Oregon State University, OR, USA

Roland von Huene, USGS Emeritus Scientist, Menlo Park, CA, USA

Eystein Jansen, University of Bergen, Norway

Anna H. Kaksonen, CSIRO, Floreat Park, WA, Australia

Mike Kaminski, King Fahd University of Petroleum and Minerals, Dhahran, Saudi
Arabia

Dick Kroon, University of Edinburgh, UK

Mark A. Lever, ETH, Zurich, Switzerland

Karen G. Lloyd, University of Tennessee, TN, USA

Andrew McCaig, Leeds University, UK

Lisa McNeil, University of Southampton, UK

Heath Mills, University of Houston, Clear Lake, TX, USA

Juli Morgan, Rice University, USA

Satoshi Nakagawa, Kyoto University, Japan

David Naafs, Bristol University, UK

Clive Neal, University Notre Dame, IN, USA

Geoff Wheat, University of Alaska, USA

xxiii



xxiv List of Reviewers

Laura de Santis, OGS, Sgonico, Italy

Axel Schippers, BGR, Hannover, Germany

Stefan Sievert, Woods Hole Oceanographic Institution, MA, USA
John Sinton, University of Hawaii, HI, USA

David C. Smith, University of Rhode Island, RI, USA

Glenn Spinelli, New Mexico Tech, NM, USA

Alfred Spormann, Stanford University, CA, USA

Yohey Suzuki, University of Tokyo, Japan

Roy Wilkens, University of Hawaii at Manoa, HI, USA



Contents

Contributors XV
Preface Xix
Acknowledgments Xxi
List of Reviewers xxiii

1. Major Scientific Achievements of the Integrated Ocean
Drilling Program: Overview and Highlights

Keir Becker

1.1 Introduction 1

1.2 The Deep Biosphere and the Subseafloor Ocean (Initiatives
in Deep Biosphere and Gas Hydrates) e
1.2.1  Initiative: Deep Biosphere 6
1.2.2  Initiative: Gas Hydrates 8

1.3  Environmental Change, Processes, and Effects (Initiatives in
Extreme Climates and Rapid Climate Change) 10
1.3.1  Initiative: Extreme Climates 11
1.3.2  Initiative: Rapid Climate Change 15
1.3.3  Sea Level Change 16

1.4  Solid Earth Cycles and Geodynamics (Initiatives in Continental
Breakup and Sedimentary Basin Formation, LIPs, 21st Century

Mohole, and Seismogenic Zone) 18
1.4.1  Initiative: Seismogenic Zone 19
1.4.2  Initiative: Continental Breakup and Sedimentary Basin
Formation 25
1.4.3  Initiative: LIPs 25
1.4.4 Initiative: 21st Century Mohole 26
1.5 Borehole Observatory Accomplishments 28
References 29

2. New Frontier of Subseafloor Life and the Biosphere

2.1. Exploration of Subseafloor Life and the Biosphere
Through 1ODP (2003-2013)

Fumio Inagaki and Victoria Orphan

2.1.1 Background: The Deep Subseafloor Biosphere 39



vi Contents

2.1.2 10DP Expeditions Relative to the Deep-Biosphere Research
2.1.2.1 Expedition 329: South Pacific Gyre Subseafloor Life
2.1.2.2 Expedition 331: Deep Hot Biosphere
2.1.2.3 Expedition 336: Mid-Atlantic Ridge Flank

Microbiology

2.1.2.4 Expedition 337: Deep Coalbed Biosphere Off

Shimokita

2.1.2.5 Other Microbiology-Integrated IODP Expeditions
2.1.3 Sample Storage for the Future Deep-Biosphere Research
2.1.4 Conclusion and Perspectives

Acknowledgments

References

2.2.1. Biomass, Diversity, and Metabolic Functions of
Subseafloor Life

2,232,

Yuki Morono and Jens Kallmeyer

2.2.1.1

2.2.1.2

2213
2.2.1.4
2.2.1.5
2.2.1.6
2217

2218

The History of Detection and Enumeration of Microbial
Cells in Deep Subseafloor Sediment

Technical Challenges in Estimating Biomass and Microbial
Diversity in Subseafloor Environments

Counting Statistics

Overcoming the Limitations

Combating Contamination

Lowering the Quantification Limit

Potential Alternatives for Detecting Life in Subsurface
Environments

Concluding Remarks

References

Genetic Evidence of Subseafloor Microbial
Communities

Andreas Teske, Jennifer F. Biddle and Mark A. Lever

2221

2:2.2.2

Ribosomal RNA as Phylogenetic Marker

2.2.2.1.1 Ribosomal RNA Surveys in the Deep Sedimentary
Biosphere

2.2.2.1.2 Bacterial Lineages

2.2.2.1.3 Archaeal Lineages

2.2.2.1.4 Eukaryotic Lineages

2.2.2.1.5 Distinct Subsurface Habitats and Their Microbial
Communities

Functional Genes

2.2.2.2.1 Methanogenesis and Anaerobic Methane
Oxidation

2.2.2.2.2 Sulfate Reduction

44
46
46

47

48
49
54
55
56
57

65

69
71
72
73
74

76
78
78

85

87
88
91
93

93
96

97

103



2.3,

2.4.

Contents

2.2.2.2.3 Acetogenesis

2.2.2.2.4 Reductive Dehalogenation

2.2.2.2.5 Future Perspectives of Functional Gene Analysis
2.2.2.3 Metagenomic Investigations of Complex Subseafloor

Communities

References

The Underground Economy (Energetic Constraints of
Subseafloor Life)

Steven D’Hondt, Guizhi Wang and Arthur |. Spivack

2.3.1 Introduction
2.3.2 Energy-Conserving Activities in Marine Sediment
2.3.2.1 Electron Acceptors and Electron Donors in
Marine Sediment
2.3.2.2 Vertical Distribution of Electron-Accepting
Activities
2.3.2.3 Co-occurrence of Electron-Accepting Processes
2.3.2.4 Vertical Distribution of Organic-Fueled Respiration
2.3.3 Life Under Extreme Energy Limitation
2.3.3.1 Respiration Rates in Subseafloor Sediment
2.3.3.2 Energy per Reaction (The Invisible Hand of
Thermodynamics)
2.3.3.3 Biomass Turnover and Energy Use
2.3.4 Discussion
2.3.4.1 What Do We Know?
2.3.4.2 What Do We Not Know?
2.3.5 Conclusions
Acknowledgments
References

Life at Subseafloor Extremes
Ken Takai, Kentaro Nakamura, Douglas LaRowe and Jan P. Amend

2.4.1 Introduction

2.4.2 Possible Physical and Chemical Constraints on Life in
Subseafloor Environments

2.4.3 Challenge for Limits of Biosphere in Ocean Drilling
Expeditions of ODP and IODP

2.4.4 Thermodynamic Estimation of Abundance and
Composition of Microbial Metabolisms in Subseafloor
Boundary Biosphere
2.4.4.1 Catabolic Reaction Energetics
2.4.4.2 Anabolic Reaction Energetics

2.4.5 Concluding Remarks and Perspectives
References

vii

105
106
106

109
113

127
127

128

129
131
133
135
135

137
138
140
140
141
144
144
144

149

150

156

160
162
165
168
169



