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Preface 

Starting in the 1930's and continuing until the 1950's, scientists in academic 
institutions made investigations along the U.S. continental margins using the 
technologies available during that period. The International Geophysical Year 
(IGY) in the late 1950's led them to investigate the nature and history of the 
deep-ocean basins. These investigations led, during the 1960's, to the plate­
tectonics model, which has proved remarkably effective in explaining the prop­
erties of the seafloor and the processes affecting it. Academic geological and 
geophysical oceanographers then turned their attention more toward 
specifics-the processes taking place in seismically active zones and the nature 
and history of continental margins. 

In 1962, a marine-studies program within the U.S. Geological Survey (USGS) 

was begun, "to identify and evaluate potential mineral resources on and beneath 
the sea floor, and to aid in the solution of problems of coastal areas-which were 
mushrooming because of rapid population growth, urbanization, and industrial 
expansion" (Agnew, 1975). The program involved limited collaboration with 
nongovernmental oceanographic institutions, such as the Woods Hole Oceano­
graphic Institution and the Scripps Institution of Oceanography. By late 1975, 
the USGS had substantially increased its activities on U.S. continental margins. 
Furthermore, accelerated leasing schedules on the Outer Continental Shelf of 
the United States resulted in a large increase in industrial activity on the conti­
nental margins. In the 1970's, when geoscientists in oceanographic institutions 
began to explore U.S. margins more intensely for answers to some scientific 
puzzles, they found it difficult to counter the argument that their efforts might 
better be diverted to other areas because industry and the government agencies 
would adequately handle the problems of the U.S. margins. 

To confront this problem, geoscientists from oceanographic institutions, fed-
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era) agencies, and industry met in Galveston, Texas, in March 1976. USGS scien­
tists explained their mandate and research plans. Their counterparts from the 
academic community discussed their research interests in continental margins. 
All participants recognized that it was timely and necessary to have a national 
program that placed emphasis and priorities on continental-margins research. 
The Ocean Sciences Board of the National Research Council responded to this 
need by establishing an ad hoc Panel to Investigate the Geological and 
Geophysical Research Needs and Problems of Continental Margins, the authors 
of this report. The Panel was asked to do its work within a year, starting October 
1, 1976. Three agencies-the National Science Foundation, the U.S. Geological 
Survey, and the Office of Naval Research-contributed support for the Panel's 
activities. The terms of reference for the Panel were framed as follows: 

The ad hoc Panel to Investigate Geological/Geophysical Research Needs and Problems 
of Continental Margins will be concerned with solid earth research problems of continen­
tal margins (i.e., shelf, slope, and rise). It will include consideration, as required, of the 
effects of adjacent onshore and deep-sea areas which are in geological continuity with the 
continental margins, as well as ancient continental margins now outcropping in mountain 
ranges. 

The Panel will not concern itself with the details of exploration and prospecting for 
nonrenewable resources, nor with the environmental aspects associated with exploitation 
of such resources. Instead, the Panel will concentrate on geological-geochemical and 
geophysical research oriented towards gaining new conceptual insights. The main em­
phasis will be on problem definition and goals for future solid earth research on continen­
tal margins. 

Concurrently, the Panel will consider alternative plans for solving the most important 
problems and search for ways to coordinate current and future research efforts in keeping 
with the respective roles of academic, governmental, and industrial institutions. Such 
coordination should enhance more effective use of research facilities, currently limited 
manpower, and financial resources without reducing diversity of creative efforts-one of 
the strengths of our current research efforts in the field. • 

The Panel met in November 1976 at Denver, Colorado, and in May 1977 at 
Boulder, Colorado. Several members of the Panel also met informally while 
serving with other groups dealing with more specific aspects of continental­
margins research. It soon became obvious that several related efforts paralleled 
ours. The most important of these were the following: 

• The U.S. Geodynamics Committee (National Research Council) focused on 
national and international solid-earth research in the 1980's. A working docu­
ment, Crustal Dynamics, a Framework for Resource Systems (August 1976, 
circulated by the U.S. Geodynamics Committee) provides a summary, from 
which we quote: " ... it is time to invoke a program that first supports and 
encourages fundamental research in fields contributing to the understanding of 
the principles governing the distribution of the resources of the solid earth, and 

*Note from the chainnan with regard to the last paragraph of the Tenns of Reference: The Panel did 
consider the need for coordination of continental-margins research done by government, industry, 
and academe, but in the end, we refrained from making significant specific proposals in this area. 
This was for the following reasons: (1) In the time available, we were not able to obtain reasonably 
detailed current and past expenditure figures for federally supported earth-science research on 
continental margins as we perceived them (i.e., including both land and marine portions). (2) We also 
lacked forecasts that dealt with the number of earth and marine scientists needed to fulfill the needs 
for resource exploration and environmental management. (3) We became aware that the federal 
government has begun to reexamine its own organization. This activity includes a search for better 
ways to coordinate resources and environmental and related research activities. 
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second provides a bridge between the geoscience community and the public:· 
The Geophysics Research Board of the National Research Council has requested 
the U.S. Geodynamics Committee to propose plans for long-range research in 
the solid-earth sciences. 

The Inter-Union Commission on Geodynamics (ICG) included many sugges­
tions paralleling those of the U.S. Geodynamics Committee in the report, 
Geodynamics Post 1980-A Successor to the International Geodynamics Pro­
gramme (ICG, December 1976), which concludes with: " ... we recom­
mend ... the continued study of the nature of the Earth's surface, including 
oceanic and continental structures, continental margins, and mountain ranges, 
the state and composition of the crust and the vertical movements and evolution 
of sedimentary basins." Task groups of the International Union for Geodesy and 
Geophysics (IUGG) and the International Union for Geological Sciences (lUGS) 
are currently working to finalize a plan that would implement the preceding 
recommendation. 

• JOI, Inc. (a consortium of major academic oceanographic institutions) 
adopted a specific program for the remainder of this decade and for the 1980's. 
This is summarized in A ProgramforOcean Crustal Dynamics (Talwani, 1977), 
which emphasizes (1) studies of the evolution of the lithosphere and astheno­
sphere, (2) passive margins studies, and (3) active margins studies. The program 
contemplates total science and facilities expenditures on the order of $9 million 
per year for 1977-1980 and $21.2 million per year for 1980-1990, with ship time 
(not included in the preceding figures) adding up to 48 ship-months per year for 
1977-1980 and 66 ship-months per year for 1980-1990. 

• A JOIDES (Joint Oceanographic Institutions for Deep Earth Sampling) Sub­
committee on The Future of Scientific Ocean Drilling prepared a report based 
on a series of white papers concerned with ocean-crust drilling, passive and 
active continental margins, and paleooceanography. Following a meeting at 
Woods Hole in spring 1977, the subcommittee wrote a summary recommenda­
tion that proposed a 10-year drilling program to follow the current International 
Phase of Ocean Drilling (IPOD) program (scheduled to end late in 1979). The 
estimated costs for the 10-year program total $450 million, which include the 
costs to convert the Glomar Explorer to develop a 12,000-foot riser system; $83 
million for geophysical work; and $38 million for analysis, interpretation, and 
synthesis of the results. Continental-margin studies constitute a large part of this 
program. 

• A shelf sediment dynamics workshop, sponsored by the International Dec­
ade of Ocean Exploration Program of the National Science Foundation, the 
National Oceanic and Atmospheric Administration, the USGS, and the Energy 
Research and Development Administration, was held in November 1976. The 
results of this workshop are summarized in Shelf Sediment Dynamics: A Na­
tional Overview (Gorsline and Swift, 1977). 

• The International Decade of Ocean Exploration (IDOE) Program will end in 
1979. The National Science Foundation's IDOE Office held a series of meetings 
during the spring and summer of 1977 to identify possible projects for large­
scale, long-term, cooperative ocean studies in the 1980's. These workshops cov­
ered physical oceanography, chemical oceanography, biological oceanography, 
and geological/geophysical oceanography (including sediment dynamics). The 
last topic is of special interest to this Panel. Finally, the NRC's Ocean Sciences 
Board organized a major workshop involving all aspects. The workshop was held 
in September 1977. The preliminary conclusions of this report were presented at 
that workshop. The findings of the relevant workshops were published in Heath 
(1977) and Wooster (1977). 
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At one time or another, individual members of our Panel were involved in 
most of these activities. In this report, we have freely used material written and 
discussed by our colleagues for these other meetings. 

This report provides an overview and recommendations for continental­
margins geoscience research in the 1980's. We concentrate on academic re­
search, but we also review coordination and communication between federal. 
academic, and industrial research groups. Our focus is on the priorities and the 
sequence of geoscience research on continental margins. 

We have attempted in the report to reconcile the need for a concise summary 
with the desire for a more comprehensive documentation of our current knowl­
edge. The essence of our thoughts is found in the beginning of the report under 
Introduction, Summary, and Principal Recommendations. The remaining text 
and the appendixes are for those who wish to dig deeper. This introductory 
material is intended for science planners concerned with strategy. It presents an 
overview of the main scientific problems, our most important recommendations 
for continental-margins research in the 1980's, and general conclusions. 

The scope and costs of the proposed research for the next decade are unusu­
ally large. Because of this, we believe that a more detailed perspective is in 
order-if only to help those readers who want more than a mere summary of our 
Panel's judgment. This is the aim of Parts I and II. 

Fellow scientists and others involved in the details of research planning may 
want to read Parts I and II. These sections contain recommendations that are 
presented within their scientific contexts, without regard to priorities. 

In Part I, we look at the state of the science of continental margins and pose 
some questions. From the surface of the seafloor into the depths of the earth, we 
proceed from physiography to sediments, their geochemistry and diagenesis. 
and conclude with their spatial and temporal distribution (stratigraphy and 
paleooceanography). Following this is a discussion of the geophysical and 
geological evolution of continental margins. Finally, we focus on the deeper 
structure of continental margins as revealed by seismic studies. 

Part II tackles methods and tools. It first deals with some geophysical methods 
and then discusses remote sensing, drilling, and research vessels. 

Following some general remarks in Part III, we reiterate our high-priority 
recommendations summarized in the introductory material, expand on them, 
and relate them to some of the second-priority items contained in Parts I and II. 
We did this to give the reader a look at the array from which we chose our 
high-priority items. 

To differentiate more easily between our priorities, three styles of presenta­
tion are used: 

1. High Priority In this class, recommendations and conclusions are in 
boldface print. 

2. Second Priority Recommendations that are either of secondary impor­
tance or subsets of high-priority items are presented in italics. 

3. Lower Priority High- and second-priority recommendations are repeated 
in Parts I and II, where they are italicized. In addition to these, Parts I and II 
contain lower-priority items, also printed in italics. These are good but less 
urgent programs, often of smaller scope. 

Appendix A contains a review of the organization of and funding modes for 
continental-margins research in the United States and Canada. The discussions 
of organization and funding were written in mid-1977 to provide an overview of 
the agencies involved, some idea as to how they are structured (in terms of 
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continental-margins research), and to give some rough idea of what amounts of 
funds are allocated to such research. Appendix A evolved as an attempt to re­
spond to the third paragraph of the Panel's terms of reference (seep. xxii and the 
chairman's footnote, particularly items 1 and 3). A chapter on the Law of the Sea 
and scientific research is also included to give the reader an indication of some 
further problems that scientists may face in doing research on continental mar­
gins. 

In the course of our work, we were offered a number of geophysical papers 
that document specific areas of interest. Some of these are included in Appendix 
B. They may prove useful for the reader who is more interested in the technol­
ogy of continental-margins research. 

Appendix C describes a modern geophysical research vessel. 
Note that, unless indicated otherwise, all dollar figures used throughout this 

report are in 1977 dollars. Thus, no allowance has been made for cost increases 
due to inflation. 

Acknowledgments: Many individuals participated in the work of our Panel. We 
are most grateful for all the fine contributions they made, for without their 
cooperation, we would not have been able to provide such a broad perspective 
for research needs on continental margins. Scientists from government agencies 
as well as industry and academe contributed much material for this report. Also, 
they and other of their federal colleagues spent many hours reviewing the tech­
nical and descriptive sections to ensure the accuracy of our reportage. We owe 
special thanks to William E. Benson, who provided us with the section on the 
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INTRODUCTION 

Today, the earth sciences are especially concerned with continental margins. In 
the past, people regarded the seashore as the margin of a continent. Since the 
nineteenth century, marine surveyors have discovered extensive underwater 
terraces and slopes. These became the continental margins of the oceanog­
raphers. However, geologists working on land have long been aware of sea-level 
changes through the ages. They consider the present level of the sea to be an 
ephemeral coincidence. 

Modern earth scientists are beginning to take a more comprehensive view of 
continental margins-one that encompasses a wide transition zone that sepa­
rates oceanic from continental realms. The zone includes the continental shelf, 
slope, and rise, but it also embraces the landward extension of this geologic 
province. Thus, continental margins have now become the joint concern of sci­
entists working on land and their colleagues who work in the oceans. 

The continental margin is the place where land scientists meet ocean scien­
tists, where sedimentologists meet physical oceanographers, where stratig­
raphers meet geophysicists, where economic geologists meet environmentalists, 
where industry meets government, and where government meets academe. 

The plate-tectonics hypothesis, developed during the last decade, serves well 
to -define major problem areas. Figure 1 shows how the outer shell of the earth 
(the lithosphere) is segmented in plates that have convergent and divergent 
boundaries. We differentiate three types of continental margins, based on their 
relation to plates and plate boundaries and to the presence or absence of seismic 
and volcanic activity (Figure 2). 
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Passive continental margins are those without significant concentrations of 
seismic and volcanic activity. They are located within a plate on the transition 
between continental and oceanic crust. These margins form at divergent plate 
boundaries. With time, they move away from those boundaries and become sites 
of massive subsidence and thick accumulations of sediment. 

Cratonic margins lie entirely on continental crust. Strictly speaking, they do 
not qualify as transition between continental and oceanic crust. They do, how­
ever, occupy large areas covered by seas. Cratonic margins also may contain 
thick sediment accumulations. 

Active margins are associated with intensive earthquake activity and spectacu­
lar volcanism. These margins form at convergent plate boundaries, that is, where 
rigid lithospheric plates are sinking deep in the more viscous asthenosphere of 
the earth or where plates move laterally with respect to each other. Differential 
uplifts and downwarps on active margins lead to the formation of mountain 
ranges and small, but deep, sedimentary basins. Most characteristic of conver-
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FIGURE l Schematic great-circle section through the equator of the earth, showing lithospheric 
plates, plate boundaries, and occurrences of energy and mineral resources. For clarity, the thickness 
of the lithosphere is expanded by a factor of approximately 3. From P. A. Rona, 1977. Plate tectonics. 
energy and mineral resources : Basic research leading to payoff. EOS, Trans. Am. Geophys. Union 
58(8): 629-639. Copyrighted by the American Geophysical Union. 
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FIGURE 2 Classification of continental margins. Active margins are also referred to as converging 
margins, and passive margins as diverging margins. The detailed earthquake distribution is shown 
on Figure 1.4. 

gent active margins is the formation of island arcs, with marginal basins develop­
ing on their concave side. 

Sedimentary basins belonging to all continental-margin types are sites of oil 
and gas accumulations. Significant amounts of oil and gas trapped in these basins 
remain to be discovered. Other mineral resources of continental margins include 
sand and gravel, heavy minerals (such as cassiterite, diamonds, gold, and barite), 
phosphates in shallow water depths, and manganese nodules at greater depths. 
Metallic minerals are associated with active margins as indicated in Figure 1. 

A stepped-up effort in solid-earth research on continental margins is desirable, 
because without scientific underpinnings we cannot properly evaluate and man­
age resources of these margins. Because all resource exploitation affects the 
surrounding environment, we should also try to understand that environment. 

Erosion and sedimentation mold the surface of continental margins. On coasts, 
these processes have been studied for many years. In the past, sedimentologists 
have made surveys of the sediment distribution on continental margins. The 
next task is to go beyond these studies and try to understand the processes that 
dictate the entrainment, transport, and deposition of sediments in coastal areas 
and on the shelf, slope, and rise. We know there are complex currents sweeping 
over the continental margins, but we know little of their spatial distributions. 
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Physical oceanographers have made great advances in modeling these currents, 
but many theoretical aspects are not fully understood. Most of the concepts have 
not been tested. We need to measure the capacity of these currents to erode and 
to carry sedimentary particles in order to understand the details of sediment 
settling and deposition. 

In order to apply what we learn of sediment settling and deposition, we must 
reconstruct conditions of the geological past. We now better understand how sea 
level has changed by amplitudes of more than a hundred meters during glacial 
versus nonglacial epochs of the Pleistocene. With these changes of sea level, 
continental shelves have been alternately exposed and inundated. The last rise 
of sea level was so recent that sediment distributions have not yet come into 
equilibrium with environmental conditions. To apply the principles of distribu­
tion and deposition of sediment on continental shelves, we ought to understand 
fully how the processes we observe today differ from those that were prevalent 
during other geological times. 

Recently, geological and physical oceanographers have paid more attention to 
the benthic boundary layer, that ill-defined layer involving some 20 em of sea­
water over the seafloor and about 20 em of sediments below the seafloor. Physi­
cal, chemical, and biological processes occurring in this layer are only dimly 
perceived; yet these processes ultimately determine the "soil" properties so 
important to seafloor engineers. Viewed in a different light, the benthic bound­
ary layer is where sediments, through early diagenesis, start on their way to 
becoming solid sedimentary rock. As these rocks are buried, they undergo many 
more diagenetic changes and losses in porosity, which determine the quality of 
the l~yers as aquifers or as reservoirs for hydrocarbons. 

Although older sediments occasionally outcrop on the seafloor, the history of 
their genesis and burial is more spectacularly displayed on reflection seismic 
lines. Today, we are witnessing some very exciting changes in stratigraphic 
methodology. In the past, stratigraphers carefully studied sections outcropping 
on land or sections penetrated by wells. Correlations between such sections 
were often ambiguous. Today, reflection seismic lines offer x-ray-like sections 
that display stratigraphy in considerable detail. 

Our newly acquired ability to make fairly detailed paleooceanographic recon­
structions further enhances the scope of stratigraphy. Reconstructions are based 
on detailed paleontologic correlations and the paleomagnetic studies that led to 
the development of plate tectonics. Much work, including drilling, is needed to 
reconcile seismic and stratigraphic evidence with postulated paleooceano­
graphic configurations. The sedimentary record of the margins holds clues to 
past climatic and oceanographic conditions that are vital ingredients of modem 
climate-prediction models. These will help us to understand the effects of future 
climate changes. 

Passive continental margins are now recognized to be the modem equivalent 
of some of the old geosynclines. During the last decade, we have learned that the 
deeper portion of passive margins conceals an early rifting history that preceded 
the actual opening of the ocean. Geologists infer much from seismic lines, but in 
fact, there are few places where the early rifting sequence has been documented 
in detail by seismic lines that are calibrated by drilling evidence. Such studies 
could greatly improve our understanding of the restricted early rifting environ­
ments visualized by geologists. These environments sometimes lead to the dep­
osition of salt and organic-rich source beds, which can be critical factors in 
determining and explaining the presence or absence of hydrocarbons on passive 
margins. 

Geophysical models portray the evolution by subsidence of passive margins as 
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the consequence of crustal cooling combined with sediment loading. To confirm 
the validity of these models, we need reliable suhsidence data based on wells 
not located on structural anomalies. 

A vexing problem on both active and passive margins is the nature of the 
ocean-continent boundary and its associated gravity and magnetic anomalies. 
Multichannel seismic techniques combined with refraction seismic methods 
have improved the geophysical resolution of the continent-ocean boundary. 
The answers to some aspects of this problem await testing by the drill in loca­
tions that are carefully selected after much geophysical work. However, a basic 
understanding of this problem will require the application of geophysical 
methods capable of resolving lateral variations in upper-mantle structure ex­
tending to several hundred kilometers depth. 

Major problems in geology remain to be solved on active margins. Plate 
boundaries were initially defined by the distribution of earthquakes. In some 
cases, two plates slip laterally past each other (San Andreas Fault), while other 
cases (e.g., island arcs of the West Pacific) suggest that a cold lithospheric slab is 
sinking under another lithospheric plate. First-motion studies of earthquakes 
suggest that some segments in the sinking slab are under compression and that 
others are under extension. Often, these studies lack detail and precision. The 
use of ocean-bottom seismometers (OBS) allows much more detailed studies of 
microearthquakes on a more local scale and should greatly help augment exist­
ing data. The same instruments, used for refraction profiling, allow us to study 
the nature of the lower crust and the upper mantle on active margins. 

The study of earthquake dynamics is an especially important aspect of 
continental-margins research. Emphasis should be placed on investigating the 
tectonic stress regime of the margins. Digitally recording global networks of 
seismometers and oas's will be useful for this purpose. This research is directly 
relevant to earthquake forecasting. 

Seismic-reflection data suggest that great wedges of structurally deformed 
sediments exist on the inner side of deep-sea trenches. These are believed to be 
sediment scraped off the top of deep-sea trenches. Only a few wells have pene­
trated the top of these sequences. Here again, deep drilling based on carefully 
planned geophysical surveys will help in explaining the genesis of these frontal 
zones of island arcs. 

As we move landward from the deep-sea trenches, we observe extensive vol­
canic arcs. Farther inland, we encounter their deep-seated equivalents, the 
igneous intrusions, which have been uplifted during complex, mountain­
building events. Geoscientists now realize that active margins are the places 
where mountain building can be caught in the act. A large data gap separates the 
deep-earth information given by seismologists from the surface data gathered by 
surface geologists and geochemists. 

To close this gap, we need crustal refraction and reflection studies both on the 
oceans and on land. Current progress in deep crustal reflection work on land is 
particularly encouraging. This work should be the foundation for crustal drilling 
on land that would complement the marine margin drilling planned for the 
International Phase of Ocean Drilling (IPOD). 

The genesis of marginal basins behind island arcs is obscure. We need deeper 
insights into the origin of these basins, as they appear to represent an important 
stage in mountain-building (orogenic) processes. Such processes often seem to 
involve the collapse of marginal basins. 

This brings us to the importance of understanding ancient continental mar­
gins, which often are deformed by mountain-building processes. Suffice it to say 
that mountain ranges are the locus of some of the most important metallic miner-
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als. Also, the richest petroleum provinces occur in foredeeps intimately as­
sociated with orogenic processes resulting from continental collisions. Old 
folded belts allow us to see rocks formed by past processes analogous to those 
occurring at depth in today' s continental margins. Study of old mountain ranges 
is essential if we are to understand contemporary mountain-building processes. 

THE ROLES OF GOVERNMENT, INDUSTRY, AND ACADEME 

We are a society fond of checks and balances for our institutions, a basic attitude 
that transcends politics. The same concept applies particularly to scientific re­
search that aims to provide a solid background for important economic decisions. 
Three major active constituencies-government, industry, and academe­
engage in such research. The tensions between these three groups are creative 
tensions; they have spurred much of our recent progress and new fundamental 
insights. 

Some recent developments seem to be shifting research efforts away from 
academe and industry into the mission-oriented agencies of the federal govern­
ment. Some of the more important trends in this direction that we perceive are as 
follows: 

• Overall federal money for oceanographic research has increased substan­
tially in recent years, but most new funds have gone to mission-oriented gov­
ernment agencies. Funding for basic oceanographic research done by scientists 

~~~ PASSIVE MARGINS .. 200 MILE BOUNDARY 

(:J Cl·Ml C-MEGASUTURE 

FIGURE 3 Proposed 2()().mile exclusive e<.-onomic zones (EEz's) superimposed on continental 
margins. Compare with Figure 2 and note that, in essen<:e, <.·ontinental margins and the 200-mile 
EEZ' s <.-oincide. For definition of Cenozoie- ~tesozoic Megasuture, see Figure 8.1. 
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in academic institutions has barely kept up with inflation. Of course, this situa­
tion, as well as the next, noted below, is common to much of all government­
supported academic science. 

• To get the same support as in the past, ocean scientists must devote substan­
tially more time to proposal writing and administration. 

• Real environmental concerns that must be dealt with have introduced dif­
ficulties and delays in obtaining approvals, particularly for U.S. margins research. 
Penetration of the seafloor by drilling, jetting, or even, in some cases, long piston 
coring now requires permits from the U.S. Geological Survey. Seismic work 
using explosive sound sources requires special permits because of the danger of 
killing fish. Delays in securing these permits are often discouraging. 

• The Law of the Sea Conference has led to increased unilateral claims of 
200-mile exclusive economic zones, which effectively cover all continental mar­
gins of the world (Figure 3). Sanctioning and continuing this trend will make 
research on foreign continental margins the subject of lengthy international 
negotiations. 

We are disturbed by these trends. Our views regarding the distribution of 
work on continental margins are simple. Government should govern and regu­
late the use of public lands, as whatever mineral wealth they contain is the 
proper heritage of the people. This involves setting policy and administration in 
connection with resource exploitation and management of the environment. In­
dustries should explore for and exploit resources, competing with each other to 
provide needed services for a profit. Academic institutions should obtain and 
transmit knowledge and teach. All three constituencies do research appropriate 
to their roles. 

The traditional distribution of effort between industry, academe, and govern­
ment was quite effective. For example, academics gave birth to the theory of 
plate tectonics, one of the most spectacular scientific advances of this century. 
Industry developed a superb geophysical technology and geological expertise 
that assisted in the discovery and exploitation of significant hydrocarbon re­
serves in geologically complex and logistically hostile areas. Federal agencies 
(e.g., the U.S. Geological Survey) have provided much-needed general back­
ground and surveys in addition to their research contributions. 

Gradually, the study of continental margins has progressed to a point where, 
for much of the world (although by no means for all), a generalized knowledge is 
now available for strategic resource planning. Simultaneous with this evolution, 
industry developed and now can provide strategic and tactical knowledge 
adequate for its own needs and far beyond the capability of academic institu­
tions. This evolution suggests that future academic research on continental mar­
gins should emphasize studies of fundamentals rather than surveys or inven­
tories and that they should be conducted in a climate of intense dialogue be­
tween scientists in academe, industry, and government. 

RECOMMENDATIONS FOR CONTINENTAL-MARGINS GEOLOGICAL 
AND GEOPHYSICAL RESEARCH IN THE 1980'S 

PREMISES 

Our recommendations* are designed primarily to contribute to the solution of 
major geological problems on continental margins. Because, in our view, 

•Refer to Part III for more details concerning the recommendations discussed in this section. 
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continental-margins research by government and industry is growing and 
healthy, our recommendations are aimed at increasing the vitality of academic 
research in this field. 

• We propose that academic research on our domestic margins be 
increased-if necessary, at the expense of work on foreign continental margins. 
Such an emphasis will help to clarify many fundamental scientific questions 
and, at the same time, provide important conceptual background for the eco­
nomic development of our own continental margins. A strong program on our 
own margins may help to set standards for research on foreign margins. 

• Academic research on continental margins is aimed at developing princi­
ples and thus differs from prospecting by industry. It does not duplicate work 
done under the missions of either industry or government. Government agencies 
and industry should remain sensitive to the fact that, ultimately, they have to 
rely on universities to provide and train scientists for their future programs on 
continental margins. It is beneficial to mission-oriented agencies that they sup­
port research in academic institutions, and they should be encouraged to do so 
further. 

• To carry out a geophysical program effectively, academic institutions should 
have access to the best available technology. It is wasteful to undertake geophys­
ical surveys using substandard equipment. 

• Work on continental margins should be designed to take advantage of all 
available information, if possible, including that from wells drilled by industry. 
Geological and geophysical reconnaissance should precede detailed surveys. 
Drilling should be undertaken only after thorough detailed studies of such sur­
veys and careful selection among alternate drilling locations. 

The geological and geophysical work preceding drilling constitutes inde­
pendent research. Drilling for scientific purposes without adequate geophysical 
research constitutes seeking answers to questions not yet asked. 

• Like industry and government, academe should also undertake large-scale 
multidisciplinary studies of continental margins. Advisory committees should 
involve representatives from government, academe, and industry. Such commit­
tees have successfully directed the Deep Sea Drilling Project (DSDP), the U.S. 
Geodynamics Project, and, more recently, the COCORP (Consortium for Conti­
nental Reflection Profiling) Project on land. Groups of this type have provided 
effective means through which industry and government scientists can partici­
pate in the planning of such projects and can provide pertinent information. 
Even so, the necessary and desirable use of these advisory structures imposes a 
major burden in the time taken from their participants to develop and get sup­
port for large-scale science efforts. Therefore, simpler advisory structures would 
help to conserve the efforts and time of our best researchers. 

HIGH-PRIORITY RESEARCH FOR THE 1980'S 

A Sediment Dynamics Program-High Priority 

We recommend that a coordinated program be developed to study sediment 
dynamics on continental shelves, slopes, rises, and marginal basins. This pro­
gram would study the entrainment, transport, and deposition of continental-mar­
gin sediments. 
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Relevance 

Sediments and human particulate wastes are transported and deposited by the 
same processes that determine sediment distribution. Therefore, studies in 
sedimentation are deeply relevant to the solution of waste-disposal problems. 

Studies of seafloor sediment stability are a legally imposed prerequisite to the 
design and installation of seafloor-mounted structures (e.g., petroleum produc­
tion platforms, subsea safety and production systems, pipelines, and other struc­
tures). This is an area in which science and engineering are thoroughly en­
twined. 

Areas for Concentrated Efforts 

• Marine currents, the movement and settling of sediments in estuaries, conti­
nental shelves, slopes, rises, and marginal basins. 

• Interdisciplinary research efforts on the benthic boundary layer with studies 
of solution-sediment, organism-sediment interactions, sediment-water 
interface metabolism, water turbulence, velocity gradients, and seabed con­
solidation and stability. 

• Quaternary deposition and erosion in coastal areas and on the continental 
slope and rise. 

• Evaluation of differences in sediment distribution and sedimentary processes 
on modern continental shelves as compared with pre-Quaternary continental 
shelves. 

• Multibeam swath-mapping to determine the microbathymetry of continental 
slopes and rises. 

Coordination and Communication 

Existing federal efforts in this field need coordination. One single agency should 
be declared as lead agency. Basic research should be done by academic scien­
tists with support from the mission-oriented agencies. This is especially neces­
sary for studies of the benthic boundary layer and the Quaternary. 

Estimated Level of Expenditure (in 1977 Dollars) 

Conversion of multibeam arrays on two NOAA 

Class I vessels to deep-ocean swath-mapping 
capability 

Operating <.'Osts 

Sediment dynamics studies (combined effort 
of federal agencies and academic 
institutions) 

$ 500,000/vessel 

1,500,000/vessel/year 

18,000,000/year 

A Program for Geotraverses on Domestic Continental Margins-High Priority 

We recommend recording long, multisensor (reflection, refraction, potential, 
and electrical) geophysical and geological traverses across land and marine seg­
ments of U.S. continental margins. Traverses should extend across both active 
and passive margins into the continental interiors. General problems that are 
involved include the kinematic, dynamic, and thennal evolution of active and 
passive margins. Geotraverses over land and water are recommended for the 
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East Coast, Gulf Coast, and West Coast, with a large proportion of the whole 
geotraverse effort devoted to Alaskan continental margins. 

Relevance 

Our current understanding of the genesis of active and passive margins is in its 
infancy. Geological history and thermal evolution of passive margins influence 
the potential for oil and gas. Understanding the geochemical evolution of active 
margins is important as a conceptual basis for the exploration of mineral de­
posits. Earthquakes occur frequently on active margins, and they also occur. 
although less frequently. on passive margins. To improve forecasting, detailed 
earthquake studies and monitoring are necessary. 

Areas for Concentrated Efforts 

• Rifting on passive margins 
• Stratigraphy, diagenesis, rates of subsidence, paleooceanography during drift-

ing of passive margins 
• Evolution of continental fragments 
• Continent-ocean boundaries on all margins 
• Thermal history of passive margins 
• Formation of accretionary wedge and forearc basins on active margins 
• Geochemical evolution of active margins 
• Formation of marginal basins 
• Effective monitoring of seismicity on all domestic margins 

Approach and Methods 

The sequence of activities should begin with a compilation of previous work, 
progress to regional geological and geophysical studies on land and sea, and 
narrow down to a transect band (typically some 100 miles wide and 400-600 
miles long) that is half on land and half over water. Advantage should be taken of 
existing well control, but in many cases, only targeted drilling for scientific 
purposes may answer essential questions. Bottom sampling and drilling for 
deeper samples will help to achieve most objectives, but such drilling should 
follow appropriate geological and geophysical surveys and studies. 

Methods employed include earthquake seismology; multibeam sounding; 
multichannel seismic-reflection and -refraction work; ocean-bottom seismome­
ters; gravity, aeromagnetics, and electrical methods; geological sampling; drill­
ing; submersibles; and other techniques. 

Communication and Coordination 

We recommend that a committee be established to set up four regional working 
groups to draft the details and costs for geotraverses and related work in the East 
Coast, Gulf of Mexico, West Coast, and Alaska. The project should enlist scien­
tists from government, academe, and industry, selected for their competence in 
the field. The COCORP Project and the DSDP are excellent administrative models. 

Estimated Level of Expenditure (in 1977 Dollars) 

The costs of a transect obviously will vary with accessibility, length, and com­
plexity of the geological problems involved. For one typical land-sea geotran­
sect, a very rough estimate of the costs is in the following range. 
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Geology and Geophysics 

Marine geophysics 
Land geophysics 
Marine geological and geochemical work 
Land geological and geochemical work 

(including helicopter support as needed) 

Total cost for one typical net geotraverse 
(without drilling) 

Outfitting Modem Geophysical Research VeBBels-High Priority 

$Millions 

3.0 to 5.0 
1.0 to 2.0 
1.0 
1.0 to 2.0 

6.0 to 9.0 

Cost studies for marine surveys show that the major expenditures are for the 
vessel, precise navigation, and scientific and technical personnel. Once commit­
ted to these expenditures, the incremental cost for the best geophysical and 
geochemical equipment is comparatively small and is desirable for cost-effective 
acquisition of geological-geophysical information. To work with inadequate 
equipment is a waste of money, scientific talent, and time. 

The sediment cover in most of the deep oceanic areas- is fairly thin. While it is 
true that there are significant piles of sediment in such deepwater areas as the 
Argentine Basin, the Somali Basin, and the deep Gulf of Mexico, the major 
sediment accumulations are associated with continental margins. Scientists will 
not be able to understand the deep structure of these margins without modem 
multisensor geophysical and geochemical instrumentation, including mul­
tichannel seismic reflection and refraction and onboard data processing. 
Moreover, scientists will likely have to use this equipment in unconventional 
ways. Since the equipment involved is bulky and complex, it must be perma­
nently mounted on a ship. The nature of operations with this equipment 
suggests that the ship necessarily be dedicated to work with this equipment and 
would not, therefore, be available for other oceanographic experiments. 

The fundamental problem, then, is to find a method by which the necessary 
data-particularly 48- or 96-channel seismic-reflection data-can be obtained 
for continental-margin studies. At present, the academic research community 
does not have 48- or 96-channel capability. The U.S. Geological Survey does not 
have in-house 48- or 96-channel capability either, and the Survey needs to assess 
whether such capability is or is not necessary to accomplish its assigned mission. 

Given that the scientific problems of continental margins require 48- or 96-
channel capability to solve them, how might this be obtained? 

(a) One possibility is to purchase seismic lines from a commercial contractor. 
This is reasonable if conventional data are sought, but it is unlikely that data 
from other geophysical or geochemical sensors could be collected simulta­
neously. The opportunities for experiments of a nonconventional sort, or innova­
tions, would be limited, and the exposure and training of research scientists and 
students to these techniques would be limited. 

(b) A second possibility would be to arrange cooperative programs with the 
U.S. Geological Survey or industry. The Survey, as noted earlier, does not have 
48- or 96-channel capability and uses contractors for a significant portion of its 
seismic-reflection work. Moreover, it has heavy responsibilities to assess the 
resources of the continental margins. Industry contracts most of its seismic­
reflection work, and research vessels operated by the petroleum companies are 
kept very busy acquiring proprietary data for these companies. Industry's ves­
sels are not available for cooperative research programs as they are largely dedi-
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cated to hydrocarbon exploration. Moreover, the time schedule imposed by 
Outer Continental Shelf lease sales has created a new urgency in the allocation 
of vessel time for industrial research. Current lease sales schedules suggest that, 
during the next decade, industry will continue to be preoccupied with the im­
mediate problems associated with Outer Continental Shelf leasing. 

(c) A third possibility would be to convert ships in the present academic fleet 
and to equip them for comprehensive geological and geophysical continental­
margins research. These ships would then be removed from the fleet and made 
unavailable for other oceanographic purposes. All indications are that pressure 
for ship time is very strong and will remain so in the near future. There is the 
question of whether existing vessels in the academic fleet are suitable for such a 
conversion as well as whether a ship would be available. 

(d) Finally, there is the possibility of adding to the oceanographic fleet ships 
that have been constructed and equipped specifically for multisensor geophysi­
cal investigations appropriate for modem continental-margin studies. This alter­
native would provide vessels that are best suited for the purpose and opportu­
nity for innovative experiments, and the academic scientific community would 
possess the potential to determine the deep structure of the margins. To con­
struct such vessels from scratch and equip them for this work would be expen­
sive, but in the view of this Panel, this approach promises to be the most fruitful. 

Therefore, we recommend that funds be made available to outfit two such 
vessels to operate principally (1) on the East Coast and Gulf of Mexico margins 
and (2) on the West Coast and Alaska margins. The two ships should have 
reinforced hulls to permit summer work in Arctic waters. The Hollia Hedberg 
(described in Appendix C) is an example of such a vessel. 

The vessels should be equipped with onboard digital processing capable of 
real-time monitoring of all sensors, including seismic deconvolution and stack­
ing of sufficient channels (at least half of those recorded) to ascertain that the 
data recorded are qualitatively and quantitatively adequate to solve the scien­
tific objectives. Outfitting vessels now with less than 48 to 96 seismic-reflection 
channels would fail to take advantage of available technology. 

While a substantial amount of processing would take place on board, it would 
be necessary to plan facilities and/or contracts for postcruise playback processing 
to support detailed interpretations. 

From industry experience, it is estimated that to build (or purchase) and equip 
vessels as described above would cost $12 million to $14 million (in 1977 dol­
lars) each. Total annual costs, including shipboard operations, onboard and post­
cruise processing, and interpretation are estimated at $9 million to $11 million 
for each vessel. The availability of two modern geophysical vessels would sub­
stantially reduce the demand on ships currently used for geophysical research 
and permit them to be used more heavily in other fields of oceanographic re­
search or permit a reduction in the size of the existing fleet. 

The geophysical vessels should be highly available to and shared by qualified 
scientists, primarily members of the academic community. The ships should be 
national facilities based at two selected academic oceanographic institutions. 
Disposition of the vessels and their long-term programming would be a major 
responsibility that should respond to national scientific goals, while component 
projects should be selected on the merit of the science proposed. Planning and 
advice could be structured in analogy to other "big science" efforts, such as 
IPOD·DSDP, IOOE, or COCORP. 

The two ships proposed would not necessarily have to be built or acquired 
simultaneously. However, in weighing whether to recommend one or two ships, 
we reasoned that the geology of the Pacific coast is sufficiently different from 
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that of the Atlantic to justify two vessels. Because each coast has a representative 
scientific community, it seems likely that it would be difficult for each commu­
nity to have access to a single ship on alternate years. Furthermore, if scientists 
are to make significant progress in Arctic Ocean reconnaissance, and because the 
Arctic season open for work is short, research would proceed faster and more 
efficiently with two ships. 

SECOND-PRIORITY RESEARCH FOR THE 1980'S 

Geotraversea and Ocean-Continent Boundary Studies on 
Foreign Continental Margins-Second Priority 

We recommend that foreign geological and geophysical traverses be carried out 
if the specific problem cannot be studied on U.S. margins or if the problem is 
complementary to the domestic work. In general, most problems outlined for 
the domestic geotraverse program can also be studied on other continental mar­
gins. The sequence of activities and the research methods would be similar, and 
the relevance is consonant. (See pp. 8-9.) 

Areas of Concentrated Effort 

Areas of particular importance (in order of priority) are the following: 

• The Arctic Ocean, where the logistic difficulties and common interests 
suggest that an international (U.S., Canada, Scandinavia, and U.S.S.R.) program 
should be undertaken. Part of this program may overlap the traverse program in 
Alaska. The cost for a typical Arctic Ocean transect is about $5 million. To make 
five transects would require about five years and a total cost of about $25 million. 
(See Part I, Chapter 7.) 

• The Caribbean, where the structural and stratigraphic evolution is not un­
derstood and is the subject of intensive scientific speculation. 

• Conjugate passive margins, which appear to be symmetrical to a midocean 
ridge. Studying them helps to emphasize differences that may be due to (a) 
climatic control of sedimentation, (b) differing late structural histories, and, pos­
sibly, (c) discontinuities across spreading centers. 

• West Pacific margins and their marginal seas. This type of margin is not 
well represented in the United States. Study should be continued because the 
formation of marginal seas is a principal, still unsolved plate-tectonics puzzle. 

Drilling on Continental Margins-Second Priority 

We fully and emphatically concur with the recommendation of the JOIDES Sub­
committee on the Future of Scientific Ocean Drilling (FUSOD) that an ambitious 
drilling program be undertaken, but only if adequate funding is assured for 
scientific studies that include ( 1) broad-scale problem definition, (2) small-scale 
site examination and preparation, (3) sample analysis and well logging, and (4) 
interpretation and synthesis. 

Because continental margins extend onto land, geophysics and land drilling 
should be part of the same program. Doing both the science and the drilling on 
the marine and landward portions of U.S. continental margins would provide the 
United States, for the first time, with a comprehensive approach to solid-earth 
research on domestic margins. 

This Panel also agrees with FUSOD that the high total cost of the proposed plan 
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for continued Glomar Explorer drilling (about $450 million) dictates that the 
best possible geological and geophysical reconnaissance be undertaken to pro­
vide a selection from which to choose the best drilling sites. 

The recommendations of the Panel on Continental Drilling of the (now dis­
banded) FCCSET Committee on Solid Earth Sciences do not address the problem 
of continental-margin drilling on land. Such drilling could be complementary to 
and provide continuity with the program envisaged in the ]OIDES/FUSOD propos­
al. We recommend that a committee be established to design specific plans for 
geological and geophysical traverses on the landward extensions of continental 
margins (seep. 13) with a view toward continental-margin drilling on land. The 
approximate costs for such a program need to be established. 

Relevance 

Drilling gives scientists a major opportunity to test their scientific predictions. 
To quote from the JOIDES/FUSOD report: 

It is readily apparent that a knowledge of the nature and origin of oceanic crustal rocks is 
of utmost importance for our understanding of the structural and lithologic history of both 
active and passive continental margins, and indeed, for an understanding of more ancient 
parts of continents which were generated during earlier episodes of ocean crust formation 
and destruction .... Through deep sea drilling and field geology using submersibles we 
are beginning to understand the structure of the ocean ... the (drill) hole is not the 
experiment, it is the ground truth that translates geophysical parameters into geological 
reality. 

Discussion and Estimated Level of Expenditure (in 1977 Dollars) 

Drilling costs are very high. Our crude estimates for a typical transect such as 
that described on pp. 10-11 would cost on the order of 

Drilling 3-4 deep holes on land 
and on the continental shelf 

Drilling 2-3 deep holes in deeper waters 

TOTAL 

$ 45 million-60 million 
$ 60 million-90 million 

$105 million-150 million 

A rough estimate for a total drilling program on continental margins for the 
decade of the 1980's would be 

About one third of the proposed Glomar 
Challenger drilling program 

Most of the proposed Glomar Explorer program 
About 10 shelf tests for scientific purposes, 

using commercial drilling vessels 

TOTAL estimated drilling costs 
for the 1980' s 

In view of the large costs for a drilling program, we emphasize 

$ 40 million 
$160 million 

$150 million 

$350 million 

• That previous well control-if available-should be used in the planning of 
all work; 

• That enough geophysical and geological work must be done to provide several 
geotraverses from which we can choose the most suitable drilling sites to solve 
the scientific problems-haste in the selection process could be very wasteful; 

and 

14 

Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


Introduction, Summary, and Principal Recommendations 

• That any drilling on continental margins requires government approval and, 
therefore, it is of great importance that representatives of government agencies 
be consulted and involved early in planning. 

It is difficult to assess the importance of drilling for scientific purposes. There 
is no doubt in our minds that drilling key research wells on continental margins 
will be a fitting ultimate test of the concepts and models developed from 
geophysical and geological studies . The prospect of having the necessary tools 
available in time to test new concepts is exciting. Nevertheless, the Panel gave 
the following reasons for giving a second priority to the drilling program*: 

(1) The fact that we are so heavily insistent on adequate and intensive pre­
paratory geological and geophysical work preceding any drilling suggests that, at 
this time, the ideas for a drilling program are not sufficiently specific. 

(2) In our judgment, the high-priority efforts that we have recommended stand 
as valuable research targets quite independent from any drilling plans. Some of 
us are particularly concerned that a traverse program as well as other oceano­
graphic research projects might be refashioned into a simple surveying process 
focused mainly on finding a sufficient number of drill sites in time, while other 
scientific objectives are downgraded. 

(3) We believe that, while some drilling targets could be reached only by the 
proposed 12,000-foot riser technology, many objectives could probably be 
reached with current commercial drilling technology. We judge that, with 
proper planning, commercial drilling vessels could be made available for scien­
tific drilling in the 1980's. Note also that the FUSOD report identifies some sites 
with 13 km of sediment over basement and deep crustal holes in 18,000 feet of 
water with 9000 feet of penetration. The proposed 12,000-foot riser technology 
will not be able to reach these deep targets. 

(4) The overall logic inherent in a research program leading from a 
geological-geophysical reconnaissance to detailed surveys and then drilling 
suggests that drilling should have a second priority. In other words, first the 
high-quality geophysical research, then the drilling. 

To sum up, we believe that it is far preferable that the basic science be healthy 
and adequately funded before more expensive drilling is planned. 

RECOMMENDED LEVEL OF EXPENDITURES FOR BASIC EARTH SCIENCE 
RESEARCH ON CONTINENTAL MARGINS IN THE 1980'S 

Looking at the high-priority components of the proposed program (which, as 
previously mentioned, concentrates on academic research) and allowing for 
work on certain research items that fit less easily into the main program, we 
recommend the following estimated overall level of expenditures (in 1977 dol­
lars) over the next decadef: 

*Note from the chairman: These comments concern an overall, large-scale, expensive drilling pro­
gram. They do not address the question of whether there are some single locations that may be ready 
for drilling as separate objectives outside the context of a large-scale drilling program. 
f Note from the chairman: The proposed level of expenditures does not address the question of 
drilling. Should there be sufficient funds available to permit an additional extensive drilling effort, 
then the level of expenditures may be increased by some $350 million, as mentioned on p. 14. 
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Ships 

Conversion of two NOAA vessels to 
deep-ocean swath-mapping capability 

Construction and instrumentation of 
two modem geophysical research vessels 

Research 

$1 million 

$24 million to 29 million 

A basic geological/geochemical/geophysical research program undertaken 
mainly by scientists in academe and complementary to and coordinated with 
research undertaken by scientists in government and industry: 

Marine geophysical research* 
Land geophysicst 
Marine geology and geochemistryt 
Land geology and geochemistryt 

TOTAL estimated costs for geologicaV 
geochemicaVgeophysical research operations 

Sediment dynamics program (combined 
federal agencies and academic programs) 

RESEARCH TOTAL: 

Annual Costs 

$18 million to 22 million 
$ 2 million to 4 million 
$ 1 million to 2 million 
$ 2 million to 4 million 

$23 million to 32 million 

$18 million/year 

$41 million to 50 million/year 

These figures are very rough estimates, and they are large and considerably 
higher than proposals being considered by other groups. In light of this, we 
re-emphasize the following points: 

• The proposed program concentrates on domestic continental margins (two 
thirds or more of the total program). 

• The proposal includes substantial expenditures for geophysical and geological 
work on land. 

• A large part of the land effort would be spent in Alaska. 
• A significant part of the domestic marine effort would be spent off Alaska and 

in the Arctic Ocean. 
• The geological and geophysical work is a sine qua non condition for any drill­

ing plans. That is, if we cannot afford the geology and geophysics, we should 
not embark on the drilling. 

RECOMMENDATIONS CONCERNING PROPOSAL WRITING 
AND THE DISTRIBUTION OF GRANTS 

Writing proposals for research, attending committee meetings, and particularly 
the ever-increasing budget monitoring and administrative work required .to ver­
ify the time (in minutes!) spent on each project are fast becoming dominant and 
time-consuming activities for many of the nation's best researchers. The time 
many scientists spend on various planning committees with overlapping scopes 
is time that they cannot devote to their research. 

*Two geophysical vessels working on transects and nontransect work, i.e., continent-ocean bound­
ary, seismic stratigraphy, deep crustal refraction, Arctic research. Realistically, some vessel time will 
be devoted to deep-ocean research off continental margins. 
f Work equivalent to two net transects. 
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We recommend that the National Science Foundation (NSF) take the lead to 
review and streamline current research funding procedures with a view to 

(a) Designing a more standardized format for research funding procedures that 
NSF and most other federal agencies could use; 

(b) Minimizing the length of research proposals; 
(c) Limiting the required length of vital statistics and scientific credentials of 

the requesting researcher(s); 
(d) Standardizing budget forms; reducing budget details to the minimum ac­

ceptable to federal auditors; and 
(e) Streamlining committees and their procedures to avoid duplications and to 

limit the scope and size of such advisory groups. 

We further recommend that NSF study the feasibility of "progressive grant 
status" for institutions engaged in well-circumscribed basic research fields, e.g., 
continental-margins research, as follows: 

(1) Project support-for individual projects; 
(2) Coherent-for groups of projects at an individual institution; and 
(3) Institutional-for large programs at institutions that are generally ac­

knowledged as having a broad base of competent activity in a given field. 

A move in this direction could help to streamline procedures and, at the same 
time, provide more meaningful relations between grantors and grantees. 

CONCLUSION 

The essence of our thinking is that (a) the time is ripe to concentrate more 
research on domestic continental margins, (b) the best geological and geophysi­
cal technology should be used for such research, and (c) drilling for scientific 
purposes can be justified only if it is preceded by detailed geological and 
geophysical surveying. 

We attempted to compare expenditure levels for solid-earth continental­
margins research with past expenditures but were unable to isolate the relevant 
figures from the multitude of budgets from federal agencies and academic in­
stitutions. The levels of expenditure we propose are high. Our most expensive 
recommendations (i.e., first priority, two geophysical vessels; and, second prior­
ity, drilling) address primarily the problems of data quality and, to a lesser 
degree, increases in the pace of gathering or volume of data. Consequently, the 
number of people working on continental margins on land and at sea may not 
increase proportionately to the increased expenditures. 

Science-and particularly oceanography-is international. However, we be­
lieve that an effort with increased emphasis on national concerns is needed. The 
scientific problems are there in abundance, and to remain leaders in the interna­
tional field, we must couple the best technology and a strongly developed un­
derstanding of our own efforts with efforts undertaken by our North American 
neighbors. There, we must be mindful of the obvious: Our neighbors have their 
own style of work on their resources and their environment. We should not take 
them or their cooperation for granted. However, we do share the same resources 
and environmental concerns and, therefore, should also share the fruits of our 
mutual research. 

We recommend that these goals for geological and geophysical research on 
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continental margins be part of an overall research plan for the 1980• s that 
addresses the evaluation of resources and the management of the environment of 
North America and its surrounding seas-in short, the North American natural 
heritage. We are recommending an increase in the momentum of solid-earth 
science research in our own backyard. 

Our recommendations should be but a small part of a larger plan that places 
emphasis on cohesive research efforts on continental interiors and in the neigh­
boring deep oceans. This overall plan should be paralleled by similar efforts in 
the biosphere, the hydrosphere, and the atmosphere. These research concerns 
need to be evaluated in the context of the whole. 

To undertake such a plan, we must rely on the traditional bridge-builders, the 
professional societies and such programs as the U.S. Geodynamics Project and 
its successor, to reduce stress between the constituencies and to provide much­
needed neutral ground. In the absence of good communication, it is not surpris­
ing that there is a tendency toward polarization between government, academe, 
and industry, and even perhaps questioning of motives. If the geological and 
geophysical problems are to be successfully attacked with proper strength and 
full perspective, scientists from industry, government agencies, and the 
academic community must gather in a neutral setting, unfettered by hangups, 
inhibitions, regulations, or jealousies, to identify the challenges and opportuni­
ties that lie ahead-and to bring these to the attention of the supporting public 
in clear language. 
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As illustmted by the hypsographic curve, the surface of 
the earth has two dominant levels: the continental plat­
form and the oceanic, or deep-sea, platform. The tmnsi­
tion zones between the two levels are continental mar­
gins. Oceanographers see three major submarine prov­
inces (proceeding from the shoreline to the deep plains of 
the oceans). 

(1) Continental shelves occupy some 7 percent of the 
seafloor. They are usually 65-100 km wide but may ex­
tend offshore as far as 1200 km. Typical depths are around 
130 m, but can range up to 550 m. Gradients rarely exceed 
1o. 

(2) Continental slopes occupy 8-9 percent of the ocean 
floor and are typically 15-100 km wide, as measured 
horizontally from the shelf edge to the bottom of the 
slope. From the edge of the shelf, the slope ranges to 
about 5()()()..m depth, with gradients between~ and 6°. 

(3) Continental rises occupy about 3 percent of the 
ocean floor. Rises are not always present, but when they 
are, they occupy as much area as the adjacent shelf and 
slope, and their widths range from 0 to 600 km, with 
depths of 1400-5000 m. 

Geologists realize that submarine margins are exten­
sions of provinces that occupy large areas on land and that 
have variable morphologies. On Atlantic-type margins, a 
wide coastal plain marks the landward continuation of the 
shelf. In sharp contrast, the margins surrounding the 
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Pacific display mountains, island arcs with volcanoes, and 
limited local coastal plains. The striking morphologic dif­
ference is related to the structural evolution of the various 
margins. The following paragraphs express that evolution 
in a global and geological perspective. Figure 1.1 illus­
trates and explains several terms that are used in this text. 

Geophysical measurements and inferences indicate 
that the earth has an outer rigid shell (the lithosphere), 
which overlies a hotter, weaker, and more viscous zone 
(the asthenosphere). The thickness of the lithosphere is 
not well established, because its bottom is not easily mea­
sured or defined. Depending on the point of departure, 
geophysicists make differing measurements leading to 
different inferences Oordan and Fyfe, 1976). An example 
of a map that is based on the relation of the age of the crust 
to heat flow is shown in Figure 1.2. 

For years, seismologists have observed a sudden in­
crease in the propagation velocity of seismic waves from 
lower velocities to velocities greater than 8 km/sec. This 
discontinuity in velocity was named after its discoverer, 
Andrija Mohorovicic, and is colloquially referred to as 
"the Moho." Rocks overlying the Moho form the crust. 
Deeper rocks form the upper mantle. Together, the crust 
and upper mantle form the lithosphere. The base of the 
crust beneath the oceans is usually less than 10 km deep, 
while the crust beneath continents is 30-60 km thick. 
The map in Figure 1.3 gives the approximate thickness of 
the crust. 
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FIGURE 1.1 Schematic cross section of 
the lithosphere and pertinent nomencla­
ture. No horizontal scale; vertical scale 
only approximate. 
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FIGURE 1.2 Thickness of the lithosphere derived from geothermal data. Surface heat-flow variations have been used to map the 
thickness of the lithosphere. Redrawn after Chapman and Pollack (1977) and modified by A. W. Bally. 
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- OCEANIC CRUST - Ci-Mi C-MEGASUTURE 

FIGURE 1.3 Thickness of crust in kilometers. 

The distribution of historic earthquakes suggests that 
the lithosphere is segmented in a number of rigid, shell­
like plates. The boundaries of these plates are cir­
cumscribed by worldwide earthquake belts (see Figure 
1.4). Based on the seismic motion of these earthquakes 
and on geological observations, three kinds of boundaries 
are commonly differentiated: 

(1) Rifts associated with shallow-focus earthquakes 
(indicate extension of the crust); 

(2) Transform faults with shallow-focus earthquakes 
(indicate a strike-slip motion along which crustal seg­
ments slide past each other); and 

(3) Subduction boundaries associated with shallow- to 
intermediate- or deep-focus earthquakes. (Motions are 
complex, but compressional thrust faults dominate, while 
extensional and strike-slip faulting is less predominant. 
This zone-within which most earthquakes occur-is 
known as the Benioff Zone.) 

Figures 1.4 and 1.5 show the distribution of the major 
lithospheric plates. Plate boundaries appear to be unre­
lated to the distribution of oceanic and continental crust. 
For instance, the extensional boundary of the midocean 

rift leaves the ocean and bisects continental crust in the 
area of the Red Sea and the East African Rift Zone. A 
similar situation is observed in the California-Great 
Basin area. Also, the earthquake belt surrounding the 
Pacific continues to the west into the Himalayas, Central 
Asia, and the Alpino-Mediterranean area. Thus, 
earthquake belts and the associated plate boundaries de­
scend much deeper than the Moho, which underlies both 
continental and oceanic crust. 

The plate-tectonics hypothesis is concerned with the 
motion of lithospheric plates. This concept visualizes the 
intrusion of hot igneous rocks derived from the mantle 
along the axes of midocean ridges. The magma cools to 
form new lithosphere emplaced between older litho­
sphere. As the molten mass cools, it registers the polarity 
of the earth's magnetic field. In the past, that polarity was 
reversed several times. Thus, series of igneous rocks of 
alternating polarity are successively emplaced parallel to 
midocean ridges. These reversal sequences allow us to 
follow and reconstruct the history of a growing crust be­
neath the oceans. 

The concept of ocean-floor spreading was spectacularly 
confirmed by the Joint Oceanographic Institutions for 
Deep Earth Sampling (JOIDES) Deep Sea Drilling Project 

Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


24 DESCRIPTION AND DEFINITION OF RESEARCH PROBLEMS 

.. 
~ I« ~ 

~ .1-rt--. f-r, ~ ~( ~ ~ ~ ~ ~ ) ~ """ ~ N ~ ~ I'-
~ r---p 

!~ 
~ ~ I~ 

~ i 
.,.,. 

·I ~ ~ ~ "r .-/ "f. !J 
., -. 

jl ... 
'( v "' ! v ~. 

~ IJ'>' ( ~ r~ ~ -.J 
_, . ...... 

J~D ~ ' v--- ~ i'-
I ~ 1.--·f '··· \ 

v ~ - r-
~ ..... ... 

' ' ~ 
Jl.. 

~ 
1!0" 

-
: • l.-: 

~ -~ 
l ~ I, -r- ~ :q, ~ ) 

~ 
i':l. ~ '• 

,.. 

~~ ~~ ~ ~ 
·. 

~~ ~ ~j ·{: :'! '"'r. ......-' 

fs:: .-:~ ., · . .~~~ ~ ~ [,;: ~ 
'Ill! 
~ F~ ~ ~· ' 

. -
r- ,.... .-,; i ·y 

~ ~ / '• ~ - v ~~-It"~ v- ~ ~ --- ~ ~ 7~"" ~~ ~ l ~ r-- ... .. r~ i-1 \ I i tv ~-
!-·-

~ ~ ~ ''- \ 
20" 

~ 
~ .._, t> ~ 

'Cl_ v . 't! ~-· -~ . :· ... 
Jt- ~ ~ ~ . 

~ •f 
I- 17 ; o• 

'-l ' 
; .. ~ h II\_ ~ 

i ~- { L .. ~ rl/· \ J ~ .;., ) , .--' 

_\ ·' ~ ~- ... \ _,-~ ) ~ : 20" 

- ~ r- "}' I 
I/ I·* -~ 

.• "; I ' r.~ fiJ { 
!'' ,.. -- - - ---, 

~ ~ 
r-

·'"·r·- -I:..·· r-~- ~ .-. ~ f-- r- -· 
_ ... . r-- r--

~ ' 
. .,.. 

r'-. 
~~ I•··· ~,.--

"' 
r.. w- " ~ ).r.,. 

__...__ 

~ 
eo-

"""" 
V"' 1--h.! ......... ...... 

• 
o• 20' 40' eo- 80" 100' 120" 140' 1110' 11!0' 1eo" 140' 120" 100' eo- 110' 40" 20' ;. 

FIGURE 1.4 Worldwide earthquake epicenter distribution (1963-1977). The dark bands on the map consist of thousands of small dots, 
each representing the epicenter of an earthquake. The data plotted are for earthquakes with magnitude 4.5 and greater for which 10 or 
more stations were used to determine the epicenters. The earthquake distribution shown on Figure 2 is a highly schematic version of 
this distribution array. (Courtesy, Environmental Data Service, NOAA, 1978.) 

(DSDP), which documented the ocean floor's history in 
considerable detail. SpecificaJJy, the age of sediments 
overlying what are believed to be the topmost (and there­
fore the youngest) basalt flows was predicted with re­
markable accuracy. OccasionaJJy, sediments were dis­
covered underneath these basalts, but, so far, they have 
not been demonstrated to be substantiaJJy older than the 
basalts. Also, reflection seismic data suggest that layers 
exist below the basalts in some areas of the ocean. These 
layers need to be cored. The results of such drilling may 
suggest substantial revisions of the plate-tectonics con­
cept. 

Subduction is the process by which a lithospheric slab 
dips under a continent or an island arc deep into the as­
thenosphere. The most common case involves subduction 
of oceanic lithosphere with Benioff Zones (B­
subduction). Another case involves more limited subduc­
tion of continental crust and is critical to geologists who 
want to know how mountain ranges are formed. This is 
A-subduction (A after Ampferer, who originated the con­
cept early in this century). 

In a nutsheJJ, new lithosphere is created at midocean 
ridges and returns to the mantle at subduction zones. 

Earthquake belts provide a fair outline of present 
plates, but it is more difficult to infer the outline and 
distribution of earlier plates . The ocean-spreading 
hypothesis documents the history of today's oceanic 
lithosphere backward into Jurassic time. Magnetic linea­
tions and their offsets by transform faults record a rela· 
tively orderly accretion of igneous material in a domi­
nantly extensional regime. In essence, the floor of the 
world oceans can be perceived as an immense exten­
sional scar. 

We can make reconstructions based on matching sym­
metrical linear anomalies and the presumed boundaries 
of continents. Such reconstructions show a steadily 
changing distribution of continents and ocean through 
time. These changes greatly influenced past ocean cur­
rents, climate, geography, and the distribution of past ac­
tive and passive margins (Figures 4.7 through 4.11). 

At this point, we must ask: Where are the subduction 
zones of the past? It turns out that the world-encircling 
fold belt that was formed during the Mesozoic and 
Cenozoic is the counterpart of the extensional scar. Many 
sedimentary basins are associated with the fold belt. On 
Figure 1.6 this zone is shown in white and referred to as 
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the Cenozoic-Mesozoic Megasuture, a unit that repre­
sents the product of subduction-related processes that 
complemented the ocean spreading occurring since the 
breakup of a huge supercontinent (Pangea) in early 
Mesozoic times. In fact, many rocks that outcrop in to­
day• s mountain ranges are products of these deep-seated 
ancient processes. 

Subduction may be responsible for converting oceanic 
crust into continental crust, although that is a simplistic 
view of a complex and barely perceived process. Possibly, 
large segments of pre-existing continental crust became 
heated and remobilized. Structures in metamorphic and 
igneous rocks suggest deformation by (ductile) flow and 

PRESENT PLATE BOUNDARIES 

-.- &-SUBDUCTION 

_...- A-SUBDUCTION 

/j OCEANIC RIFT 

- TRANSFORM 

- OCEANIC CRUST 
\ .. 
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widespread intrusions. The rigid continental lithosphere 
was perhaps "softened." 

Putting continental margins in perspective, we can 
subdivide the surface of the earth in the following way: 

(1) The Cenozoic-Mesozoic extensional scar of the 
oceans, commonly called ocean crust. 

(2) The Cenozoic- Mesozoic megasutures of the world. 
(3) The combined Paleozoic fold belts represent the 

Palezoic Megasuture, which is bounded on both sides by 
sialic crust and shows Paleozoic A-subduction. Paleozoic 
B-subduction can only be surmised, because Paleozoic 
oceanic crust has not been preserved in its pristine form. 

I 
~Rj\SIAN PLATE 
J 

ACTIVE FAULTS ON CONT. 
LITHOSPHERE 

~ STRIKE SLIP 

~NORMAL 

? EURASIA·NORTH AMERICAN 
PLATE BOUNDARY 

.. Cl·Ml C·MEGASUTURE 

FIGURE 1.5 Distribution of lithospheric plates. 
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26 DESCRIPTION AND DEFINITION OF RESEARCH PROBLEMS 

Only minor amounts of it can be found as ophiolitic se­
quences in folded belts . This suggests that the 
B-subduction process was so effective that virtually all 
Paleozoic oceanic crust vanished at depth during and 
after Paleozoic times. 

(4) The Precambrian fold belts of the world represent 
several complex Precambrian megasutures. Again, no 
oceanic Precambrian crust is believed to have been pre­
served. 

Figure 1.6 illustrates this summary and also indicates 
the approximate age of the economic basement for hy­
drocarbon accumulations . In other words, the map 
roughly predicts the age span of sediments that could 
yield hydrocarbons. For instance, basins on Precambrian 
crust contain Paleozoic and younger sediments, those on 
Paleozoic crust contain Mesozoic and younger sediments, 
and basins within the Cenozoic-Mesozoic Megasuture 
are filled with predominantly Tertiary sediments. This 

MEGASUTURES 

illustrates how the new global tectonics-which is based 
on fundamental scientific research-helps to give eco­
nomic geologists a simple and relevant overview of the 
age of sedimentary basins. 

The basic types of continental margins are (see Figure 
2) as follows: 

( 1) Passive margins: These mark the ocean-continent 
transition that is within a rigid lithospheric plate. Gener­
ally, they are associated with and facing a spreading 
midocean ridge. In our view, passive margins include the 
coastal plains on land and extend to the deep oceans. 

(2) Cratonic margins: These are located on continental 
crust and, therefore, do not strictly qualify as continental 
margins. However, several cratonic basins are submarine 
and extend onto the shore. Others are entirely on land and 
would not concern people primarily interested in conti­
nental margins. 

(3) Active margins: These are continent-ocean transi-

CENO .-MESOZOIC OCEANIC CRUST 

-TERTIARY 

-CRETACEOUS 

-JURASSIC 

C:=J CENO -MESOZOIC 

[{\'\\<j PALEOZOIC 
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.J>-A- A -SUBDUCTION 
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............. FELSIC INTRUSION 
BOUNDARY 

- AGE UNKNOWN 

FIGURE 1.6 Economic basement and tectonics of the world. 
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tions associated with Cenozoic- Mesozoic subduction 
processes at plate boundaries. They coincide with the 
circum-Pacific to Mediterranean earthquake belt. In a 
very general manner, active margins coincide with the 
Cenozoic-Mesozoic Megasuture, but keep in mind that 
today's earthquakes indicate present subduction, while 
the megasuture is the product of past subduction. 

It is useful to differentiate further between 

{3a) Active margins associated with B-subduction of 
oceanic crust and 

{3b) Active margins associated with A-subduction of 
continental crust. 

{4) Transform margins: Transform-fault systems can 
intersect both passive and active margins. In this text, we 
discuss them as subdivisions of those two basic margin 
types. 

This Panel's views are deeply rooted in the modem 
plate-tectonics theory. There are scientists who do not 
accept plate tectonics as a workable hypothesis (see Be­
loussov, 1975; Carey, 1977; and Meyerhoffs several pub­
lications, as cited at the end of this and other chapters). 
They judge that the evidence is not sufficiently compel­
ling, or they require plausible mechanisms to explain the 
purported mechanics. Others believe in a dramatically 
expanding earth and concurrent vertical tectonics. We re­
spect these views but believe that plate tectonics offers a 
fine reference frame for this report. 
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2 The Surface 

SUBMARINE TOPOGRAPHY AND TOPOGRAPHIC 
SURVEYS 

The classic passive-margin profile consisting of continen­
tal shelf, continental slope, and continental rise implies 
the dominance of sedimentation processes over tec­
tonism. Sediments are derived primarily from the adja­
cent continent, then transported by a variety of processes 
over the shelf, progressively down the slope, and through 
submarine canyons to form the prism of sediment that 
comprises the continental rise. 

In the Pacific, the typical active margin consists of a 
continental shelf and slope bounded on the seaward side 
by a trough, a trench, or a ridge. These topographic lows 
or highs often act as effective sediment traps to block 
further seaward transportation of terrigenous sediment. 

Figures 2.1-2.3 illustrate some of the topographic vari­
ations of North American margins. Figure 2.1 shows the 
Atlantic shelf. It is dominated by sand ridges and chan­
nels, some of which change into deeply incised canyons 
on the continental slope. Figure 2.2 shows the trench-arc 
margin of the Aleutians and Kuriles-a classic case. Fig­
ure 2.3 reveals the unique California Continental Border­
land that extends rough) y 1000 km from California's Point 
Conception to Viscaino Bay in Baja California. The Bor­
derland is a checkerboard of some 24 deep basins averag­
ing 20-50 km in width and 30-110 km in length. 

Complete description of a margin involves its topog-

28 

raphy, the materials composing its features, and the pro­
cesses operating in or on the mass. As a product of the last 
century's work by the National Marine Survey and its 
successors, much is known about the morphology of the 
surface of margins. For the shelves and coastal embay­
ments, there are extensive records of changes in 
bathymetry over a century that permit scientists to inves­
tigate rates of change in the relative stability of relief 
forms. An adequate data base exists for describing the 
large-scale morphology (relief of tens of meters; horizon­
tal scales of hundreds of meters or more), although all the 
data are not equally precise. Scientists are just entering 
the phase of investigation that focuses on smaller-scale 
relief forms (meters and less in relief; tens of meters or 
less in horizontal scale). 

From a dynamic point of view, and over time scales of 
100 years, appreciable changes occur in the smaller relief 
features at all depths over the margin. These changes re­
sult from sedimentation, erosion, or episodic movement 
of the substrate generated by surface and internal waves, 
tidal waves, surficial and deep currents, and gravity act­
ing directly on masses on slopes. Biological agents also 
generate small-scale land forms; they are the critical 
agents affecting internal sedimentary structures in surfi­
cial deposits. 

Topographic surveying is done by three government 
agencies and some academic institutions. They generally 
use 3.5- and 12-kHz echo-sounding techniques along with 
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FIGURE 2.1 Morphologic elements of the Middle Atlantic Bight, North America. (From Swift, 1974.) 

air-gun, sparker, and boomer sound sources. Nearly all 
research ships use satellite- and, along the U.S. seaboard, 
shore-based electronic and acoustic navigation resources. 
Industry performs detailed surveys over hydrocarbon 
lease areas and along the nearshore and shelf for mineral 
prospects both on the U.S. continental margin and 
elsewhere in the world. Deep-towed, sub-bottom­
penetrating (500-Hz to 3.5-kHz), side-scanning instru­
ments are now used by government and industry to de­
termine the origins of shelf microbathymetry and the 
geological relation between surficial temporary features 
(e.g., sand waves) and the underlying consolidated strata 
(Figure 2.4). Surveys of this kind, which, in many cases, 
use bottom-transponder navigation, are extensive over 
offshore-platform and drill-rig sites and along submarine 
pipelines. (See Offshore Services, 1977, for a summary of 
the current capabilities of commercial subsea surveying.) 

The principal problem, however, is still outstanding, 
i.e., the lack of detailed bathymetric information for the 
deeper parts of the shelf, the slope, and the upper rise 
regions of the world. The details of the tectonic fabric in 
these areas can best be studied with multibeam, swath­
mapping arrays mounted on a research vessel (see Figure 
2.5). One of the most exciting and productive techniques 
for detailed bathymetric and tectonic-fabric mapping of 
the ocean floor has been developed and used extensively 
by the U.S. Navy. This technique, which uses the Harris 
arrays, is the inertially controlled, multibeam, swath­
mapping sonar. It uses a scanning mode to produce a de-

tailed contour map (along a 3- to 5-km swath of the ocean 
floor). The multibeam system recently used over the 
Mid-Atlantic Ridge showed ocean-floor features on the 
order of 10 m in wavelength. This made it possible to 
develop a finely detailed, tectonic-fabric map of the ridge. 
(See Ballard and van Andel, 1977.) 

We recommend that the nonmilitary sector of the U.S. 
Government develop a multibeam, swath-mapping 
capability, particularly for studies on the continental 
slope, upper rise, and some of the adjacent deep-ocean 
regions. We recommend that this facility be used in 
cooperative studies with academic and other research 
organizations. 

Such mapping must be accompanied by high­
resolution navigation accuracy. In the past, the U.S. 
Navy has run, at irregular intervals, swath-mapping 
studies over Alvin dive sites, e.g.,for Project FAMOUS. The 
Navy cannot devote its facilities on a scheduled basis to 
academic institutions. The program can best be carried 
out by NOAA scientists and ships, although scientists 
from academic institutions can augment these studies 
with deep-tow and submersible investigations, particu­
larly in defining and sampling outcrops of older strata. 

Swath-mapping instrumentation requires a sizable 
vessel, and since three of the NOAA ships-Researcher, 
Discoverer, and Surveyor-already have elements of the 
array mounted on their hulls, we recommend that NOM 

install deep-ocean, swath-mapping capability on two of 
these vessels. 
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FIGURE 2.2 Physiowaphic diagram of the Aleutian-Kamchatka convergence. (Courtesy of the U.S. Geological Survey.) 
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FIGURE 2.3 Physiographic diagram of the California Borderland. (Courtesy of the U.S. Geological Survey.) 

SURFACE GEOLOGICAL MAPS 

Geological maps of the land surface are commonplace, 
but they are not routine for continental margins. The main 
reason for this is that large areas of bedrock on continental 
margins are thoroughly blanketed by varying thicknesses 
of recent sediments. Such a sediment cover inhibits map­
ping bedrock distribution. Moreover, bedrock outcrops 
are considerably more difficult to sample at sea than they 
are on land. 

Despite the difficulties, fairly detailed geological maps 
have been made for the California Borderland (Junger 
and Wagner, 1977; Vedderet al., 1974), Canadian Atlantic 
continental margins (King and MacLean, 1976), and Hud­
son Bay (Figure 2.6); also for offshore areas of France, 
England, and Italy. Some maps show only the distribu­
tion of bedrock under the veneer of sediments. These 
maps are useful for engineering purposes, for construct­
ing geological sections, and for stratigraphic maps. 

A useful tool for collecting rock samples in water-
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32 DESCRIPTION AND DEFINITION OF RESEARCH PROBLEMS 

FIGURE 2.4 Typical side-scan record. 
Reading from the center out to the edges, 
differences in seabed topography are 
clearly shown. (Courtesy of Klein Associ­
ates, Inc.) 

covered areas to construct bedrock maps is a small un­
derwater drill, such as one developed by the Bedford In­
stitute of Oceanography (BIO) (see Fowler and Kingston, 
1975). Traditionally, hard-rock dredges were used for 
sampling bedrock, but it is often difficult to locate 
dredge-sample sites with precision or to determine 
whether representative bedrock is being collected. Small, 
electric, underwater drills avoid the high costs of 
surface-drilling facilities . The BIO drill obtains cores 

slightly longer than 5 m, and the locations of coring sites 
can be pinpointed with reasonable accuracy. 

It is important to remember that submersibles offer un­
usual opportunities for surface mapping (Ballard and van 
Andel, 1977). 

We recommend that the U.S. Geological Suroey pub­
lish a series of seafloor-geology maps at appropriate 
scales for all the continental margins of the United 
States. 
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FIGURE 2.5 The SONARRA Y bathymetric charting system; (a) Arrangement of the hull-mounted, crossed-fan sonar transducer array; (b) 
flow chart showing sonar signal processing; (c) configuration of the multibeam "fan" of sound used to depict ocean floor; (d) example of 
bathymetric contour chart drawn aboard ship while under way. (Courtesy of J.D. Phillips and H. S. Fleming.) 
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FIGURE 2.6 Geological map of Hudson 
Bay. The white areas are underlain by 
Precambrian. (Courtesy of B. V. Sanford, 
Geological Survey of Canada, simplified 
and redrawn by A. W. Bally.) 
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3 
Sediments 
and 
Sedimentary Rocks 

SEDIMENTS AND THEIR ORIGIN 

INTRODUCTION 

As rocks weather, some parts go into chemical solution. 
Other parts degrade into sands and clays. Streams then 
carry these products to the continental margins and deep 
into the seas. Garrels and Mackenzie (1971) estimate that 
each year some 250 x 1014 g of material are carried into 
the sea. Streams carry about 85-90 percent of this matter, 
ke accounts for approximately 7 percent, groundwater for 
1-2 percent, and wind, less than 1 percent. About 80 
percent of the stream load is particulate matter, and the 
remainder is in dissolved form . 

Nearly 80 percent of this enormous volume is trapped 
in continental margins. Sedimentologists track the fate, 
distribution, and redistribution of all this material. They 
began their work by mapping the topography and sedi­
ment distribution. Then they inferred systems of disper­
sal and transport across coastal plains, the continental 
shelf, the continental slope, and the deep sea. 

Today, sedimentologists wish to directly measure 
transport rates and patterns and compare them with 
measurements of the fluid motions that move sediments. 
Sediment distribution studies were and still are important 
to petroleum geologists and hydrologists, who use them 
as analogs to map and predict subsurface reservoirs. To 
study and directly observe dispersal mechanisms helps to 
explain different distribution patterns. This work is criti-

35 

cal, for without it, it is impossible to manage the environ­
ment of continental margins properly, where areas close 
to the shore are heavily polluted because of inadequate 
waste-disposal practices. These matters are under 
scrutiny by other groups, one of which is working with 
the Environmental Studies Board of the Commission on 
Natural Resources of the National Research Council 
(NRC). In particular, we call attention to the recent reports 
published by the National Academy of Sciences, Disposal 
in the Marine Environment (Ocean Disposal Study Steer­
ing Committee, 1976) and Estuaries, Geophysics, and the 
Environmetlt (Geophysics of Estuaries Panel, 1977). 

SEDIMENTATION ON ALLUVIAL PLAINS AND COASTS 

Before they ever reach the marine realm, substantial 
amounts of sediments are deposited in coastal plains and 
the coastal zone. The coastal zone is the area in which 
terrestrial and marine processes mix. It includes the inter­
tidal zones, large estuaries, lagoons, barrier islands, and 
other coastal features . Figure 3.1 illustrates the great vari­
ety of depositional environments in coastal zones . 

Government surveys, academic institutions, and oil 
companies have been studying the coastal zone for years. 
Mission-oriented efforts will no doubt continue, but, fun­
damentally, we need a better understanding of sea-level 
changes as manifested in and as exhibiting the recent 
evolution of our coasts. As stated earlier, the present-day 
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sea level is an ephemeral happenstance-a momentary 
stop in a sequence of numerous transgressions and re­
gressions of the sea occurring over millions of years. 
Thus, it is in the coastal zone that sedimentary geometries 
have to be related to environment and where their evolu­
tion has to be placed in the frame of recent time (see 
Figure 3.2). 
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At this stage, we have no grand scheme that would 
allow broad-based predictions. We are still in a data­
collecting phase. Many types of coastal zone need to be 
studied, each more or less separately. The importance of 
<:oastal monitoring has been stressed by Morisawa and 
King (1974). As an example, the glaciated coast of JXew 
England contrasts strongly with the transgressive 

ENVIRONMENTS 

ALLUVIAL 
F'ANI 

(A~EX, MIDDLE 
a IASl Of FAN 

lftAJ0£0 
STU A IIIII 

WEAND[JtiNI 
SliUAMI 

(ALLUYIAL 
VALLET) 

OUNU 

UPPO 
DELTAIC 

PLAIN 

CHANNELS 

(WASHUI 

~A\IUt(NT 

CMANN[LI ....... 
FLOOOIASINI 

M[ANO(III 
I[LTI 

n .OOOIAIINS 

COASTAL DUNES 

DUtlltT DUN[I 

OTMU OUNU 

M£ANDffll 
IHTI 

f'LOOOIAJINI 

OltTRIIUTAIIIIY 
CMANNfll 

DEPOSITIONAL MODEL.$ 

&Hr.nn.ooo 

ITtlll&MFLOOD 
IWUO- f'LOWS) 

ITIIIUNI 
CWAT£911-LAIDI 

IULltU 

CHANNELS 

NATUfiiAlllVUS 

I'OINT IAtlll 

ITIII(AIIII, UK(S 
I SWAMI'S 

TYPU 

Ttt&NSV£1U£ 

"'' ILOfWOITUOtNALI 
lAIII CHAN 

l'&llt&aoLtc 
OOME-IHA'lD 

:. CMANNlLI :u 
~--------~··-'-"_••_L_u __ v_••~s ~ 

~~--.. ~:.:·.~ ~ :.:;:::onu l.OWU 
OfLTAIC 

"l-AIN 
INTf:llll• 

DIJTitiiUTAitY 
UlAS 

~:::;: ......._ ....... ~·. ·. ·~·~ ..... " 
TIDAL CHANNE\..1 ~ .. I -....,~····'' ... ..,.:.. .. . • •• • •• ·~ 

I TIOM. 'LATS -...,..v 
~ ~~ 

~ 
c 
z .. INNU 0 
;::: "''""" 

c . 
iii ~ 

z -
c OUTfit 

"' ~ ... 

f-------"T"l-T--------+.•"'•v"'•;:•,-•"'o"'u"''""~ ~ ::;~tt.~~ ~ 
lA"' ~·· .: ~~=~~,:,_01 I(AC.Hll I DtSTflltluTNUU....,..., 

IAIIIItl["l tlrlflOlS'f\ht."ll&. 

'"" '"" ~ . ~ ··~"'"' .~ .. 

FIGURE 3.1 Coastal environments and 
models of clastic sedimentation. (After 
LeBlanc, 1972.) 
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LEADING EDGE Of' THE HOLOCENE 
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FIGURE 3.2 Three-dimensional representation of the Delaware Coastal Zone, showing both modem environments and those dete(·ted 
by subsurface analysis. (Slightly modified after Kraft et al., 1973.) 

barrier-lagoonal coast of the middle Atlantic states, the 
carbonate-dominated Florida Keys, the sandy lagoonal 
coasts of the Gulf states, the Mississippi Delta, the Gulf 
of California, the cliff-dominated Pacific coast, the fjords 
of British Columbia, and the Aleutian Archipelago. Pro­
cesses occurring in one area may be entirely different from 
those in others. A fine example of a systematic approach 
to coastal geology may be found in the Environmental 
Geologic Atlas of the Texas Coastal Zone (Brown, 1972-
1976). 

Coastal zones constitute a field of study in which much 
detailed local work needs to be done and in which many 
disciplines should participate. The work should be tack­
led with the hope of evolving concepts that possess gen­
eral validity. A great number of studies should he under­
taken, with a premium placed on novel and differing ap­
proaches. Universities and state coastal laboratories may 
offer the best clusters of professionals to attack the prob­
lems. It is particularly important that local groups do 
these studies, as they usually can better explain the im­
portance of their investigations to the public. 

MARINE SEDIMENTS ON CONTINENTAL MARGINS 

As in morphology, major regional differences exist in the 
broad aspects of surficial deposits. These sedimentologic 
provinces are not accidental. They reflect the relative in­
fluences of supply rates of material, hinterland geology, 
available dispersive energy, morphology, climate, and 

oceanography. In some areas, provinces defined for 
shelves may not hold for slopes or rises. 

Surficial sediments form the uppermost layers of conti­
nental margins . Typical thicknesses range from zero to a 
few tens of meters. General dimensions (at least of muds) 
can be determined in the field by low-frequency (3.5-
kHz) echo sounding. Surficial sediments can be sampled 
using conventional grabs, dredges, box cores, piston 
cores, or vibracores. Usually, the sediments are Holocene 
or Pleistocene in age and, as such, may contain locally 
varying subunits that reflect the complex sea-level history 
of this latest portion of geological time (Figure 3.3). 

At the Woods Hole Oceanographic Institution, a large 
( 14 em in diameter), long (20-40 m) piston corer has been 
developed and suc<:essfully tested. It obtained high­
quality cores of undisturbed sediments in water depths 
from 80 to 5500 m, with recovery mtios ranging between 
0.76 and 0.87 (Hollisteret a/., 1973). In our judgment, this 
tool will prove to be very valuable in shtdying details of 
surficial and Quaternary sediments. If scientists wish to 
understand paleooceanography and paleoclimatology, 
they must understand the history of sedimentation in the 
Quaternary period. 

Quaternary sea-level indicators may be directly ob­
served on shelves and can be deduced on slopes and 
rises. During low sea-level stands, most shelves are sub­
aerially exposed, and large quantities of material are de­
livered dire<:tly to slopes and rises. At times of high sea 
level, the coastal zones and shelves may absorb sedi-
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FIGURE 3.3 To,): Sediment types of the Atlantic continental margin off the eastern United States. Bottom: Source and age of the 
Atlantic continental-margin sediments off the eastern United States. [After Milliman et al. (1972). Reprinted from the Bulletin of the 
Geological Society of America.) 

ments, and slopes and rises may be "starved." Thus, the 
surficial sediment prisms on margins may contain many 
diastems, disconfonnities, and unconfom1ities. 

Frequent eustati<: and isostatic sea-level fluctuations 
due to the waxing and waning of large glacial ice shields 
have distorted the distribution of shallow-water and deep 
water sediment facies along the passive margins. Many 
continental margins have not yet returned to equilibrium 
since the rapid rise of sea level during the past 15,000 to 
20,000 years. Therefore, the corresponding sediments are 
not in equilibrium with present environmental condi­
tions. A substantial amount of modern river sediment is 
trapped within coastal estuaries and marshes. As a result, 
large portions of the continental shelves are still covered 
by glacial and reli<:t sediments from times of lowered sea 
level. It is not clear when and how they will return to a 
facies distribution mode typi<:al for nonglacial (basically 
pre-Quaternary) times. 

Modern shelf muds generally occur only off rivers, in 
depressions, and in coastal areas. In many areas, modem 
shelf sands are predominantly biogenic in origin. Slope 
muds have been assumed to he modern, although locally 
they may represent either nondepositional or erosional 

conditions. Many mud deposits may be dynamic accumu· 
lations rather than static, and the rate at which material 
fluxes through these types of deposits should be studied. 

ATLANTIC MARCIN SEDIMENTS 

Along the Atlantic coast shelf provinces (Figure 3.3). 
Cape Hatteras is a prominent cusp that divides the shelf 
into a northern region dominated by detritus and a south· 
ern region dominated by carbonates. North of Cape Hat· 
teras, shelf sediments are composed predominantly of ter· 
rigenous sands that reflect glacial sources off New Eng­
land and Canada and fluvial input plus reworked coastal 
deposits from the central Atlantic states. Fine-sediment 
lenses are generally restricted to the nearshore. South of 
Cape Hatteras, the sediment cover is thin and may locally 
contain large amounts of reworked Miocene detritus. 
Skeletal san-ds and dean quartzitic sands are typical shelf 
sediments, with carbonate increasing south of Cape Ken· 
nedy in Florida and in the Bahamas. Fine, silty sands 
tom1 a belt along the adjacent inner shelf. Carbonate in· 
creases offshore. Phosphorite and glauconite are common 
on both the outer shelf and the upper slope. 
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The continental slope north of Cape Hatteras is cov­
ered with fine-grained sediments: sandy silt on the upper 
slope and silty clay on the lower slope. The relative 
abundance of planktonic remains from coccolithophorids, 
diatoms, radiolarians, foraminifera, and pteropods in­
creases offshore. Calcium carbonate content increases 
offshore and toward the south, with maximum values 
reaching 95-98 percent on the Florida Hatteras slope. 
Although modem Holocene muds are assumed to be ac­
cumulating over most of the slope, there are relicts of 
sediments that were deposited some 10,000 to 30,000 
years ago. In addition to this, there are, of course, out­
crops of much older sedimentary rocks. This is particu­
larly true south of Cape Hatteras, where Miocene out­
crops dominate the Florida Hatteras scarp. On the Blake 
Plateau, Miocene lime and phosphatic sands are preva­
lent. 

A 

B 
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Turbidity currents and slumps are partially responsible 
for the deposition of sands and sandy muds on the conti­
nental rise. But these clastics can also be carried by and 
settle out of geostrophic currents that parallel the topo­
graphic contours of the rise. The latter transport mecha­
nism explains the dominance of high-latitude sands found 
on the rise off the southern United States, where clastic 
influx from the mainland is limited. The same geostrophic 
currents are also responsible for the formation of ero­
sional furrows on the rise (Figure 3.4). 

GULF OF MEXICO MARGIN SEDIMENTS 

Carbonate sediments (primarily sands) dominate the 
shelves off both southemwest Florida and Yucatan. Mov­
ing north along both shelves, the sediment becomes in­
creasingly terrigenous (primarily quartzose sands) and 
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FIGURE 3.4 Abyssal furrows on the Bahama Outer Ridge. A, Surface-ship 3.5-kHz record starting in Area 1 and continuing upslope 
toward the crest of the Bahama Outer Ridge. The wave farthest to the right corresponds to the wave at 74°21.8'W. (East is on the left.) B, 
Surface-ship 3.5-kHz record of the Bahama Outer Ridge-Abyssal Plain contact. (West is on the left.) (Profile location is 28"35'N, 
75°25'W.) C, Near-botton 4-kHz record of the same contact shown in B, demonstrating the abruptness of the contact. (Slight undulations 
in the record are caused by variations in fish elevation. The deeper reflectors are flat; see profile B.) (West is on the left.) D, Near-bottom, 
narrow-beam, echo-sounding (40-kHz) record of furrows responsible for hyperbolas seen on profile B in Area 2. (West is on the left.) E, 
Near-bottom 4-kHz record taken simultaneously with profile B in Area 2. (West is on the left.) [After Hollister et al. (1974). Reprinted 
from Geology, a publication of the Geological Society of America.) 
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often fonns ridges that may be drowned longshore bars. 
The <.·entral northern Gulf margin is dominated by ~lissis­
sippi River silts and days, which form a thick lense that 
extends along the eastern Texas coast. 

The carbonate province off Florida and Yucatan en­
compasses their steep slopes and adjacent rises. \fud­
dominated sediments that display mass-wasting effects 
and that were def()fmed by salt diapir intrusions fonn the 
nmthern slope of the Gulf: This slope is a hummocky 
region of great width. It impinges upon the central 
Sigsbee Abyssal Plain. A large, fan-shaped deposit of tur­
bidites fonns at the mouth of the Mississippi Submarine 
Canyon at the eastern side of this broad slope. 

PACIFIC MARGIN SEDIMENTS 

North of Point Conception, California, the shelf is narrow, 
sandy, and covered with unconsolidated sediments that 
range from zero to a few meters thick. To the north are the 
broader and scdimcntologically more complex Oregon 
and Washington shelves. These have been strongly influ­
enced by eff1uent from the Columbia and several other 
rivers that drain the glaciated and, in the case of the 
Olympic Mountains, vokanic coastal ranges. Sediments 
are primarily sandy, and at least some of these sands are 
modern. Most of the shelf sediment appears capable of 
moving during major storms. The shelves off Alaska and 
Canada also are covered with reworked coarse glacial 
sedinwnts. Broad, gentle, fine sand, and silt plains front 
the Bering Sea margins. These high-latitude shelves 
show an additional environmental fador-scour hy sea 
ice (Figure 3.5). 

The Southem California Borderland includes narrow 
(1-10 km wide) coastal shelves (Figure 2.3) with sandy to 
silty sediment cover. Shelf sediments between the basins 
contain important biogenic carbonate facies and bank-top 
silts, sands, and authigenic phosphatit· coatings. Thick-

FIGURE 3.5 Schematic drawing of ice 
as a scouring a!(ent; scour can occur in the 
Arctic at water depths as great as .50 m. 
(Courtt>sy of the U.S. Geolo!(ical Survey. 
St>e also Reimitz et al., 1973.) 

nesses vary but are generally thin. Many sills between tht' 
deep basins characteristic of this region are bare rock sur­
faces. 

The Pacific continental slope is thinly covered by silt~ 
and clays along its entire length. \\There sedimentation is 
high, mass wasting is an important process. In some of tht' 
Borderland basins, conditions become anoxic (or nearly 
so), thus allowing varved sediments to form. 

The u;el/-deceluped rise of coalesced submarine fans 
fonns at the base of the slopes north of Point Conception. 
primarily in those areas in which offshore troughs or 
ridges are absent or where they have been breached b~ 
canyons. The Astoria Fan (Figure 3.6) ofT the Columbia 
River is a prime example. 

Off Canada and Alaska, tren<.·hes, troughs, and ridge~ 
trap or block sediment flux and, therefore, have pre­
vented hms from developing a significant rise. Similarly. 
the Borderland off southern California has trapped much 
of the sand-derived sediment. 

PROBLEMS IN SEDIMENTATION 

A detailed overview of problems related to shelf sediment 
dynamics is given in Gorsline and Swift (1977). Only 
selected key problems are noted in the following para­
graphs. 

UNSETIUNG QUESTIONS REGARDING SEDIMENT SETILING 

Continental shelf sediments are dominated by sands. 
These relatively shallow-water materials are exposed to a 
large number of oceanographic influences-tidal cur­
rents, longshore transport, storms, inten1al waves, and so 
forth . Considering these f(>rccs, it is not surprising to see 
many different bedforms on the shelf. The problem, how­
ever, is in delineating the exact transporting agents, tht' 
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FIGURE 3.6 Physiographic diagram of the Astoria Canyon and Fan. (Courtesy of the U.S. Geological Survey. See also Nelson et al., 
1970.) 

depth to which erosion and/or transport is effective, and 
the periodicity of such events. These problems have to be 
understood before of£~hore structures can be installed on 
shelf sands. 

Therefore, people working on ocean dynamics prob­
lems quite rightly devote much time to questions of 
transport and to the distribution of suspended sediments 
and chemical elements or compounds. Their work leads 
naturally into a primary interest of sedimentologists: How 
does sedimentary material eventually settle to become 
sediments? 

At present, rivers annually carry more than 8 billion 
tons of sediment into the world oceans. Most of this mate­
rial settles out quickly in estuaries or the immediate near­
shore area. This is particularly true in the eastern United 
States, where rivers tend to carry relatively small loads 
and empty into large estuaries. In fact, these estuaries not 
only trap land-derived material, they also collect shelf 
sands that are carried landward by shelf and nearshore 
ocean circulation. Only during major floods or storms can 
significant amounts of fluvial sediment escape their es­
tuaries. As a result, most shelf sediments appear to be 
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relicts of sands that were deposited during the last low 
stand of sea level. 

How suspended fluvial material settles out within an 
estuary is not well documented. Presumably, sand-size 
material settles from suspension as a result of decreased 
flow velocities. Finer material, particularly days, may 
fl()(:culate as river waters mix with estuarine waters; 
salinities of 2-5 parts per thousand are thought to be suf­
fkiently saline to fitcilitate the physiochemical floc<:ula­
tion of fluvial days . Ingestion of suspended material, and 
excretion (fet·al pellets) by both pela~i<: and benthonic 
animals may also account for considerable decrease in 
suspended loads in many nearshore waters. 

As a result, the terrigenous fraction of the suspended 
load markedly decreases seaward from more than 10 mg/ 
liter in most rivers and upper estuaries to less than 0.1 
mg!liter in most middle- and outer-shelf \Vaters. Organic 
constituents also decrease in absolute concentration, but 
fitr more gradually than do terrigenous constituents, with 
the result that suspended particulates are increasingly 
organic-rich offshore. Organic perct•ntages of 10-20 per­
cent in estuaries and 85-95 percent in outer-shelf waters 
are not lltl<:ommon (Figure 3.7). 

Scientific interest in the distribution. composition. and 
htte of suspended particulates has increased in the past 
ten years. This is he<:ause there is more knowled~e about 
gt•ologi<:al and biological processes, but also bet·ause it 
has become necessary to know about the movement and 
dates of anthropogeni<: pollutants in the ocean . The 
standard method of measuring the suspended load of 
oceanic waters is to filter a known volume of water 
through a preweighcd filter of constant pore size­
nonnally, 0.45 ~m . Water samples can he collected in 
water bottles, although settlement of particles within the 
bottles prior to filtering has been shown to he a potential 
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FIGURE 3.7 Suspended solids composition in the surface wa­
ters on the shelf and slope off Texas. (From Manheim et al., 
1972.) 

source of serious error. The vertical distribution of par­
ticulates is best defined by measuring the light transmis­
sion (or scattering character) of the water column by low­
ering a light transmissometer or nephelometer. This is 
often done in conjunction with the collection and filtra­
tion of several water samples to relate the light curves to 
actual particulate coneentration. In turn, horizontal dis­
tribution of suspended solids can be defined by high­
frequency (200-kHz) echo sounding, a technique that is 
gaining tiwor. 

One measure of the fate of suspended particulates is the 
rate at which they settle through the water column. 
Measurement of this flux has biological and chemical im­
plications as well as geological significance, since it rep­
resents a measure of the biological turnover and a path­
way for deposition of trace metals (including pollutants) 
as well as normal downward sediment flux. Usually , 
measurement is made hy placing a sediment trap into the 
water column or seafloor. Care is needed to ensure that 
the trap's configuration does not alter the hydrodynamic 
regime around its mouth. 

Particles suspended in continental-margin and deeper 
oceani<: waters probably do not experience physiochemi­
cal flocculation . More likely, they settle slowly through 
the water column, particle by particle, or more rapidly 
when smaller particles biologically a~gregate into larger 
ones. Differentiating between these two types of settling 
is important, for the particle-by-particle settling implies a 
process sufficiently slow that most changes of the organk 
material would occur within the water column. Available 
data, however, show that particles settle through the 
water column at fiu greater rates. primarily as the result of 
the expulsion of ingested detritus by floating organisms. 
New research on the mode, rate, and implications of these 
fecal activities is in progress under the direction of An­
drew Soutar at St·ripps Institution of Oceanography and 
R. G. Douglas at the University of Southern Califomia 
(personal communication). 

It is recommended that a research program -as part of 
the DOE Program on Shelf and Nearshore Dynamics 
of Sediments (SANDS)-be launched to examine the 
dynamics of contemporary sediment transport from rir· 
ers to the continental rise and to examine processes in the 
benthic boundary layer and the water column. 

The rates of these transport processes at ~:arious en­
erlf,y le~:els, particularly under storm conditions, need to 
be determined. Mass balances must be defined for the 
major transport systems, bed load, and sus11ended load. 
Mathematical models must be de~:eloped and field­
tested. 

How particles fall through the water column and more 
on, in, and through the sediment column once they han· 
settled from suspension needs to be studied, especially 
through sediment-trap experiments. Although se~:cral 
such experiments are currently being conducted, feu; I if 
any) emphasize sediment settlement on marine continen­
tal margins. 
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TilE MYSTERY OF TilE BENTIIIC BOUNDARY LAYER 

In 1974, under the auspices of the NATO Science Commit­
tee, approximately a hundred scientists met in France to 
study the benthic boundary layer (BBL) . Two years and 
323 pages later (McCave, 1976), they had yet to define the 
BBL. Biologists, chemists, and geotechnologists consider 
the uppermost sediments to be the BBL, while oceanog­
raphers, sedimentologists, and engineers think of it in 
terms of the water closest to the seafloor. Because all 
agree that some very important processes occur very close 
to the marine-sediment interface, the question of defini­
tion loses significance. The NATO meeting inaugurated a 
new area of interdisciplinary research in this region. 

As sediment reaches the bottom of an estuary, a shelf, or 
the deep sea, it continues to interact with its surrounding 
environment. Of concern is the effect of water-mass 
movement very close to the water-sediment interface on 
sedimentary structures, for example, the creation of fur­
rows on the abyssal floor. Engineers need to understand 
better the physical properties and the depositional fate of 
floccules formed out of fine-grained suspensates in es­
tuaries. Temperature gradients and turbulence on the 
seafloor are only poorly known. The distribution of chem­
ical elements dissolved in the interstitial waters of oxic 
and anoxic marine depositional environments needs to be 
evaluated. For instance, chemical diagenesis results in 
the production of gases that can weaken sediment cohe­
siveness. Biological activity can strengthen the substrate 
against erosion (e.g., worm tubes), weaken it (burrowing 
activity), or actually erode it (deposit feeders). 

As part of the IDOE Program on Shelf and Nearshore 
Dynamics of Sediments (SANDS), we recommend a con­
centrated interdisciJJlinary research effort on the BBL. 

Study of the BBL involves a large number of disciplines 
(physical, biological, and chemical oceanography, as well 
as geology) and will entail long-term, bottom-mounted 
stations to make and record such measurements. Some of 
the instruments (e.g., nephelometers, current meters) are 
a~:ailable; others (e.g., recording respirometers, devices 
to measure sediment mixing and early diagenesis) are 
being tested in laboratories for ultimate use in the envi­
ronment (Tamatmat, 1971; Gvldhaber et al., 1977; and 
Cuinasso and Schink, 1975). The magnitude of BBL prob­
lems requires a large-scale involvement of many scien­
tists and corres1wndingly high levels of financial sup­
port. 

We agree with the conclusions reached at the 1974 
NATO conference that high-resolution data are necessary 
to understand the following problems: 

• Solution-sediment chemical interaction; 
• Metabolism at the sediment-water interface; 
• Organism-sediment relationships; 
• Variation in water turbulence and stability; 
• Velocity gradients, other physical and chemical 

parameters; and 
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• Deposition, consolidation, and stability of the sea­
bed. 

Within these general problem areas, the following were 
defined as needing special attention: 

• Long-term (1 day <X < 1 year) measurements of 
turbulence characteristics and mean flow velocities 
within the BBL with different bottom-roughness elements 
to obtain reliable values of bed shear-stress and diffusion 
<:oefl'icients; 

• Interchange processes between interstitial water and 
the viscous sublayer of the overlying water; 

• Determination of chemical, biological, heat, and 
momentum fluxes and gradients within the BBL, the de­
terminations of rates and the mechanisms that produce 
them, and their interrelationships throughout the BBL; 

• Chemical, microbiological, and mineralogical 
studies of the suspended particles in the nepheloid 
layers, their comparison with the substrate and the rate of 
particular interchanges across the viscous sublayer; 

• The effects of varying degrees of flocculation on rates 
of deposition and erosion under varying shear stresses 
and different structures on the BBL, and the causes of 
flocculation variations; 

• Determination of factors that control the downward 
rate of sediment input from the BBL to the bottom; 

• Determination of the in situ metabolism rates of the 
different size groups, taxa, and metabolic types of various 
benthic communities in both aerobic and anaerobic, 
high-pressure and low-pressure conditions; 

• Determination of the relationship between chemical 
gradients and depth of bioturbation, transport vectors, 
and impact of pore-water exchange compared to particle 
advection; 

• Long-term (time-lapse), in situ observations on mac­
rofauna) behavior in order to understand their physical 
effects on the bottom and their importance in resuspend­
ing sediment; 

• Identification of organic and metal-organic com­
pounds in the sediment, their physical-chemical prop­
erties, and modes of formation of authigenic phases; and 

• Determination of the critical factors that determine 
the basic geotechnical properties of sediment, e.g., shear 
strength, compressibility, elastic-wave speed, and attenu­
ation. 

This still gives us no single definition, but the problem 
areas and the activities suggest that the BBL involves the 
upper 5-20 em of sediment on the seafloor that is particu­
larly mobile, burrowed, and reworked by benthic or­
ganisms and that undergoes early diagenetic changes. 
Summarizing, the BBL deals with the soft top layer of the 
seafloor and the immediate water column overlying it. 
Why, then, so much interest? 

1. Many, if not most, of the materials that ultimately 
become resources of one kind or another pass at some 
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time during their evolution through this layer and are 
modified in a major way in the process. 

2. All resources of the sedimentary column, whether 
old or new, deep-seated or surficial, participate in the 
diagenesis of the sediment. The stage for diagenesis is set 
in the BBL. Diagenesis cannot he understood without first 
knowing considerably more about the processes that go 
on in the BBL. 

3. The chemistry of ocean water itself may be influ­
enced in a major way hy lluxes across the BBL (Kaplan, 
1974). 

4. Especially in the deep sea, the importance of depo­
sitional and erosional prO<:esses has heen grossly under­
estimated. 

.5. In extracting inorganic marine rcsour<:es, it is essen­
tial to understand the elfe<:ts of extraction on the seabed. 

THE CONTINENTAL SWPE: A KEY PROBLEM AREA 

:\lorphology predicates most geological studies. In terms 
of morphology, we probably know less ahout the conti­
nental slope than any other physiographic region in the 
oceans. We need to know the morphology of the slope 
hd(Jre \Ve can begin to understand the nature of down­
slope sediment movement, stability of the slope sedi­
ments, and the late Quaternary history of the slope. Such 
studies require narrow-beam, swath-mapping echo­
sounding <.·apabilities, which, until rec·ently, have been 
available only on a few Navy ships. The National Ocean 
Survey (NOS) has begun to develop sueh techniques for 

SEAS QUIET 10 MOOERATE 

their vessels. Also, morc detailed, highly accurate naviga­
tion is required. Investigations from submersibles are 
necessary for closer mapping of both topography and out­
crops. 

Rates of accumulation on the North Atlantic slope and 
rist> appear to have decreased markedly during the pa'it 
8000 years, again rellecting the relatively small amount of 
terrigenous material escaping the inner margin. If a major 
source of deep-sea sediment is the modern erosion of 
slope and rise sediments, a hu greater portion of the outer 
margin than commonly believed may be nondepositional 
or erosional. Documenting this has significance for 
applied research as well as for basic research. For exam­
ple, it is essential to know the long-term slope stability 
before an offshore structure, such as a drilling tower, i~ 
installed on the margin floor. 

Quaternary glacial and interglacial sedimentation ap­
pears to be anomalous to the depositional regime 
throughout most of geological history. Hence, we must 
put aside unifonnitarian ideals and study, compare, and 
contrast earlier, more typical, sequences with those dt .... 
posited during a glacial eustatic regime. 

We recommend a11 intensive study of morphology and 
the deposition and erosion of surficial sediments on the 
slopes and upper rises of both passive and actit:e conti­
nental margins. 

We would like to know whether sediments currently 
accumulate on the slope and rise or if large portions are 
being eroded. While the U.S. Geological Survey (USGS) 

has undertaken such studies on the shelf, both the 1\a-
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FIGURE 3.8 Three types of carbonate-shelf margins. (After Wilson, 1974.) 
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tional Science Foundation and the Office of Naval Re­
search have less actively funded such studies on either 
the shelf or slope. Documenting the late Quaternary se­
quem:es and rates of accumulation will necessitate coring 
the upper few to tens of meters of the sediment column in 
dose conjunction with detailed topographic studies. 

CARBONATE GENESIS 

Over the past two decades, there have been major ad­
\'ances in our knowledge of the processes of deposition 
and subsequent diagenesis that lead to the formation of 
carbonate rocks. This knowledge has made it easier to 
understand ancient carbonate rocks, an understanding 
ne<.·essary to solve exploration and production problems 
encountered in both mineral and hydrocarbon exploita­
tion. (Three different carbonate models are depicted in 
Figure 3.8.) Most of this success has been realized in 
studies of ancient carbonates deposited over broad areas 
of the continent or in associated epicontinental basins. 
Relatively little is known about carbonate depositional 
processes at continental margins. The current state of 
knowledge is reviewed in Taylor (1977). 

Carbonate platforms are essentially sediment factories 
that use biological and mineral nutrients from the sea to 
produce large volumes of carbonate particles. The poten­
tial for carbonate production must be high at continental 
margins because of their immediate access to the im­
mense oceanic nutrient reservoir. Two questions that 
need answering are (1) what are the limiting factors that 
control carbonate sediment production rates, and (2) what 
is the disposition of the large volumes of sediments pro­
duced? Both of these questions are being pursued in the 
realm of general carbonate research, but they need to be 
studied in the specific context of continental-margin envi­
ronments, where some factors (e.g., upwelling, complex 
surface-currents, relative sea-level changes related to tec­
tonic activity) are certain to differ from the more stable 
epicontinental-shelf environment. Of particular interest 
are the distribution patterns of sediments generated in 
shallow water that find their way into deeper waters and 
interfinger with pelagic sediments. 

GEOCHEMISTRY AND DIAGENESIS OF 
SEDIMENTS 

So far, most of the discussion has centered on the distribu­
tion and deposition of surficial sediments. Of equal or 
perhaps even greater importance is the geochemical re­
gime in both surface and subsurface sediments. We have 
less knowledge about the geochemical distributions and 
processes in continental-margin sediments than about 
deep-sea sediments. In discussing the various problems 
and needs, we have separated the inorganic from the or­
ganic aspects of the problem, realizing that in many in­
stances, the problems involve complex interactions of 
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both. The following comments on inorganic geochemistry 
partially overlap and complement what was said in the 
section on the benthic boundary layer (see pp. 43-44). 

INORGANIC GEOCHEMISTRY 

A still-outstanding basic research task is to formulate a 
geochemical budget of the world oceans. The amount of 
solid and dissolved constituents entering the ocean by 
weathering and other processes can be estimated with a 
fair degree of confidence. Past estimates of the flux of 
these constituents into and out of margin sediments have 
depended mostly on analysis of deep-sea sediments, 
primarily because they have generally high concentra­
tions of minor and trace elements. There are several prob­
lems with this approach. First, these earlier estimates 
have been outdated by new data gathered from ocean 
drilling, by new developments in analytical chemistry 
that enable a level of analytical precision previously unat­
tainable, and by changing concepts of global tectonics. 
Second, deep-sea sediments constitute less than 20 per­
cent of the total oceanic sediment volume, whereas 
continental-margin sediments comprise nearly 80 per­
cent. Thus, in order to understand a global geochemical 
budget, scientists must take continental margins into ac­
count. 

In particular, researchers need detailed trace-metal 
evaluation for those elements that are difficult to analyze 
(and thus frequently neglected), such as tin, tungsten, 
germanium, molybdenum, arsenic, antimony, bismuth, 
silver, gold, tantalum, niobium, selenium, and uranium. 

Manganese nodules may play a particularly important 
role in controlling the budget of some trace metals in 
seawater. These nodules, like tree rings, record metal 
concentrations in their environment of deposition. They 
differ from tree rings in the extraordinary length of time 
that a single nodule can represent-as much as 4 million 
years. However, it is difficult to incorporate ferroman­
ganese oxide phases into ocean-balance equations (as 
well as into paleoenvironmental considerations) because 
there are serious deficiencies in both our information and 
our theories. (1) The total distribution of nodules and 
their spatial concentrations on the seafloor are debatable. 
(2) The rate of nodule accumulation in the deep Pacific 
has been measured, but in other areas it is totally un­
known. (3) The actual sources of metal that enrich 
nodules are not known. Most chemical resource evalua­
tions quoted today are based on data more than 15 years 
old. 

Continental-margin sediments offer significant poten­
tial as raw materials. A wide range of such materials is 
created by separation and sorting, by organic deposition, 
and by chemical precipitation. Some examples of known 
potential resources in addition to manganese deposits are 
sand and gravel, titanium placers, and phosphorite de­
posits. Further technological development may help to 
identify other potentially valuable mineral resources, 
such as tin and tungsten, that could be useful by-products 

Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


46 DESCRIPTION AND DEFINITION OF RESEARCH PROBLEMS 

in the refinin~ of titanium minerals. Also, novel processes 
have been patented for using contaminated or naturally 
occurring, organic-rich, off.,hore muds in ceramic man­
ufacturing. 

To reiterate, we do not understand the flux of dissolved 
and particulate solids into and out of the seafloor. In some 
oceank areas, nutrients and other dissolved constituents 
are supplied from bottom sediments in greater quantities 
than from organic decomposition either at the surface or 
within the water column. Until very recently, these fluxes 
have been almost completely ignored in ocean-balance 
calculations. They may be particularly critical for the nu­
trient budget in coastal waters (such as bays and es­
tuaries) and in areas of high surface-productivity or in 
semi-enclosed has ins (such as those in the Califomia Con­
tinental Borderland). In shallow waters, excess nutrient 
supply may continue to promote secondary organic 
growth where pollutant influx via surface water has been 
stopped or greatly diminished. 

A further complication in understanding the flux of dis­
solved constituents is that nutrient flux gradients are the 
highest in the upper 5-20 em of the seabed-an interval 
sufficiently thin to have been sampled only lightly by 
previous workers (see Figure 3.9). Further study of more 
closely spa<:ed samples is required. 

HYDROLOGY AND HYDROCHEMISTRY OF SUBSURFACE 

WATERS 

Fresh water is probably the most important resource we 
have. Subsurface reservoir systems extend from land 
areas into the continental margins. Although the hydrol­
ogy and hydrochemistry of these water systems on land is 
relatively well known, their offshore continuation is only 
poorly understood. 

Recent USGS drillings on the Atlantic margin have 
shown that virtually the entire Atlantic shelf is underlain 
by lenses of fresh water and brackish water. Presumably, 
some of these lenses represent relict groundwaters 
formed during former low stands of sea level; others may 
result from off.,hore flow of modem groundwaters. These 
lenses can form critical barriers against saline intrusion 
into coastal freshwater reservoirs (Figure 3.10). Because 
such phenomena have been largely ignored by land hy­
drologists, we need to explore the chemistry and migra­
tion of both onshore and offshore subsurface waters and 
how they relate to each other. 

Another reason for pore-water studies is to get a clearer 
understanding of the sedimentary, chemical, and hy­
drochemical properties of shallow sediments in shelf 
areas. Moreover, we need information on fluid and gas 
distribution and on the permeability, sealing capacity, 
and hydrodynamic (migrational) continuity of waters in 
deep strata. Unfortunately, many of these data have not 
been collected, because drillers are reluctant to sample 
pore waters during drilling operations. However, sam­
pling for pore waters takes little or no additional effort, 
and the insights we might have with these data could 
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FIGURE 3.9 Regeneration of nitrate and nitrite in the pore 
waters within the upper centimeters of a core from the Scheidt 
Estuary, Belgium. [After Billen (1975); cf., Berner (1976).) 

prove invaluable both for predictive purposes and for un­
derstanding the character and migration of subsurface 
waters. 

We recommend that strong efforts be made to 
adequately sample and analyze subsurface waters on 
continental margins. This kind of data can be obtained in 
the course of drilling operations, and, therefore, the coop­
eration of the parties concerned with such operations is 
required. 

CARBONATE DIAGENESIS 

Included in carbonate diagenesis are most of the pro­
cesses that transform a loose, porous carbonate sediment 
into a coherent rock that is usually hard and generally not 
very porous. The factors directly controlling diagenesis 
are temperature, pressure, and chemistry of the pore 
fluids. These direct factors are related to indirect factors 
such as relative sea-level fluctuations, geothermal gra­
dients, burial rates, compaction, and subsurface fluid 
movement, all of which have a specific range of expres· 
sion in the continental-margin environment. Tying these 
relationships together is necessary to predict the prop­
erties of carbonate rocks in the continental margins. 

Essential to carrying out these studies are mea· 
surements of heat flow and the movement and chemical 
variations of subsurface waters, as mentioned elsewhere 
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in this report. Geochemical and mineralogical studies of 
geologically well-defined rock groupings should also be 
made to determine if it is possible to sort out the history of 
diagenetic changes and how they relate to the history of 
the margin. Much could be gained from diagenetic 
studies on continuously cored deep wells on the 
Florida-Bahamas platform. 

ORGANIC MATTER IN SEDIMENTS 

Organic matter in recent and ancient sediments of conti­
nental margins comes from both terrestrial, transported, 
plant debris and indigenous marine life that grows and 
flourishes in the water column over the shelf. Areas of 
most abundant algal and microplankton growth, and thus 
the richest areas in terms of available carbon, are along 
the outer edges of the continental shelf. The abundance 
of marine life in this outer-shelf environment is often the 
result of nutrient-rich ocean currents that upwell at the 
shelf edge. 

Another favorable environment rich in marine life and 
land-derived materials occurs in waters where major riv­
ers discharge into the ocean. In a seaward direction, or­
ganic constituents decrease in absolute concentration, but 
far more gradually than terrigenous constituents. The re­
sult is that suspended particulates are increasingly 
organic-rich offshore. (See also Figure 3.7.) Particulates 
containing 10-20 percent organics in estuaries and 85-95 
percent in outer-shelf waters are not uncommon. 

The presence and diagenesis of organic matter in sedi­
ments can influence sediment formation and properties. 
Such physical properties as the degree of flocculation and 
cementation are influenced by organic materials and their 
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transformation in pore waters . Organic matter coating 
mineral grains may change the surface properties of the 
minerals and thus affect their physical properties. These 
kinds of changes influence the susceptibility of 
continental-margin sediments to movement by such 
mechanisms as resuspension and slumping. 

The most intense zone of biological activity, and there­
fore of chemical and biochemical transformation of or­
ganic matter, takes place in the upper few tens of centi­
meters of the surface sediment. Below this depth, biolog­
ical and biochemical activity falls off rapidly. The organic 
matter available in this upper layer determines the num­
bers and types of organisms living in this zone. Their 
activity produces profound changes in the chemical envi­
ronment, altering such parameters as Eh, pH, and metal 
equilibria between sediment and interstitial water. 
Bottom-feeding animals can stir up benthic sediments, 
causing them again to go into suspension and to move 
laterally. 

Alternatively, in anoxic sediments, microorganisms can 
convert organic matter and C02 into methane gas. If the 
amount of methane present exceeds saturation at in situ 
bottom temperatures and if clathrate formation (see 
pp. 50-51) is not possible, methane might form gas bub­
bles in the sediments that may destabilize them enough 
to cause massive slumping. This mechanism could be of 
particular importance in continental margins, where mas­
sive slumping is common and where the rapid deposi­
tional rates that are required for microbial methane pro­
duction are found . 

At present, the source of outer-margin organics is not 
clear. How much is planktonic; how much is land­
derived? Also, sediments serve as a sink for organic pol-
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FIGURE 3.10 Distribution of interstitial chloride in JOIDES drill cores off northern Florida. " Fresh water" includes some brackish 
interstitial fluids. (From Manheim and Sayles, 1974.) 
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lutants, such as polynuclear aromatic hydrocarbons and 
polychlorobiphenyls (PCB's). As with naturally occurring 
organic molecules, the conversion, fate, and influence of 
these compounds on benthic communities is only poorly 
known. Conversions of these compounds may serve as 
useful tracers for geochemical processes, since, as with 
radionuclides, their introduction into the margin system 
has been li1irly recent. 

THE ORIGIN OF PETROLEUM 

Much progress has been made in this field during the last 
few decades. (For summaries, see Tissot et al., 1974; 
Hood and Castano, 1974; Dow, 1977a; and Tissot and 
Welte, 1978.) Commonly, several stages of petroleum 
fom1ation are differentiated. 

Formation, Deposition, and Preseroation of Organic 
Matter 

Abundant organic life is usually restricted to the upper 
water layers. In the aerobic zone, most of the remnant 
organic matter oxidizes into C02 and H20 by aerobic bac­
teria. The process is completed in the top few centimeters 
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of the sediments, where bacteria abound, and where the 
high oxygen consumption causes anaerobic conditions to 
occur below a thin, superficial aerobic layer. There, 
anaerobic bacteria take over. They reduce nitrates and 
sulfates and may produce methane from much of the re­
maining organic matter. Microbially resistant particles 
such as woody particles, pollen, spores, waxes, and resin 
remain preserved. 

In stagnant water bodies, the interface between aerobic 
and anaerobic realms moves from within the sediment 
into the water body. The same degradation of organic 
matter occurs, and typically, only minor amounts of or­
ganic matter remain preserved. 

Only exceptional conditions, such as the abundance of 
nutrients from upwelling waters, lead to high phot~ 
synthetic activity and accumulation of organic matter. In 
such circumstances, bacteria and algae consume unusu­
ally large amounts of oxygen, causing a reduction of the 
aerobic zone. The dead remnants of these algae and bac­
teria sink to the bottom, where anaerobic bacteria start 
working on them. The end product of the reworking p~ 
cess consists of bacterial bodies mixed with microbially 
resistant parts of planktonics, pollen, spores, waxes, re­
sins, etc. (Lijmbach, 1975). The incomplete degradation 
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FIGURE 3.11 General scheme of hydrocarbon generation. Depth scale represented is based on examples of 
Mesozoic and Paleozoic source rocks. It is only indicative and may vary according to nature of original organic matter, 
burial history, and geothermal gradient. (Tissot et al., 1974.) 
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of organic matter occurring under these exceptional cir­
cumstances leads to the accumulation of organic-rich sed­
iments. 

Soon after burial, the organic matter forms large 
molecules, or kerogen, which is characterized by its in­
solubility in organic solvents such as benzene, chloro­
form, or carbon disulfide. 

Generation of Hydrocarbons 

Lithified, organic-rich sediments form source rocks. 
These are dark, fine-grained, often laminated sediments 
that are believed to be currently or formerly capable of 
expelling petroleum. During burial, these source beds are 
heated and may generate commercial quantities of hydro­
carbons. A commonly accepted scheme for hydrocarbon 
generation with depth is shown in Figure 3.11. 

In recent sediments, the hydrocarbon content is low 
and originates from microorganisms contained in the sed­
iment. An exception is bacterially formed methane (marsh 
gas). With increasing depth, the oxygen content of the 
original kerogen decreases by removal of C02 and chemi­
cally bound water. Then, at some critical level of organic 
metamorphism, new hydrocarbons are generated by 
thermal cracking of kerogen. This is the main stage of 
petroleum generation. At greater depths and with in­
creased temperatures, cracking becomes excessive; the 
kerogen and the retained oil bre~k down into light hydro­
carbons and eventually into methane. This becomes the 
zone of gas generation. 

In addition to the chemical measurements shown in 
Figure 3.11, other tools allow us to measure the progress 
of the maturation process of kerogen, i.e., of the translu­
cency of pollen, spores, and the kerogen itself, for exam­
ple, the vitrinite reflectance method. The transmitted­
light kerogen method ranks kerogen color on a 1-5 scale, 
with Stage 1 representing thermally unaltered material 
and Stage 5 representing blackened carbonized kerogen. 

Vitrinite is a coal material. Its reflectance change is 
measured as a function of diagenetic alteration. It places a 
rock unit within the coalification range of peat to anthra­
cite. Further refinement of vitrinite reflectance permits 
inference on the stages of organic maturation and "dead­
lines" for oil and gas occurrence (Castano and Sparks, 
1974). 

Three basic types of kerogen can be recognized on the 
basis of their alteration path with increased burial. In 
Figure 3.12, path I includes algal debris and excellent 
Middle East source rocks, path II includes good source 
rocks from North Africa and other basins, and path III 
corresponds to less productive organic matter and may 
include gas source rocks. Pertinent to remember is that 
different types of source rocks yield different mixes of oil 
and gas. 

Expul&ion and Migration of Oil and Gas 

Following their generation, hydrocarbons have to be ex­
pelled from fine-grained source beds into porous and 
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permeable carrier beds. These either allow the hydrocar­
bons to escape to the surface or lead them to traps where 
the hydrocarbons accumulate in commercial quantities. 
Structural traps (e.g., anticlines or fault traps) are dif­
ferentiated from stratigraphic or permeability traps (e.g., 
reefs, sand pinchouts, or paleomorphologie traps on un­
conformities). 

Physical, Thermal, and/or Biological Alteration of 
Crude Oil 

Such alteration is common in reservoirs and leads to the 
formation of heavy oils and tar sands. 

Characterization of Microscopic-Size Particulate 
Organic Matter (Kerogen) Along North American 
Continental Shelves-An Illustration of the 
State of the Art 

A very limited quantity of geochemical information has 
been published from the continental shelf through the 
Deep Sea Drilling Project (DSDP). Most of the geochemi­
cal information consists of analyses of organic and 
carbonate carbon percentage. Hydrocarbon gas data are 
very rare. No observations of organic-matter (kerogen) 
types have been made in the DSDP geochemical program 
along the North American continental shelf, so existing 
conclusions were derived from literature sources. 

Paleozoic Kerogen 

Samples of Paleozoic rocks are limited to areas of the 
Grand Banks. Here, mainly continental Devonian and 
Carboniferous strata yield herbaceous, woody, and coaly 
material. Only trace quantities of the oil-generating, 
amorphous type of kerogen have been identified. No in­
formation on Paleozoic kerogen from the U.S. West Coast 
or Alaskan continental margins has been reported. 

Organic Matter from Mesozoic Rocks 

On the Scotian Shelf and Grand Banks, Upper Triassic 
and Lower and Middle Jurassic sediments, again, yield 
mainly terrestrially derived herbaceous, woody, and 
coaly material, with a paucity of amorphous kerogen. The 
same kerogen types prevail as far south as the Baltimore 
Canyon area, where the COST B-2 test well was drilled. In 
the upper Middle and Upper Jurassic, increasing re­
covery of amorphous kerogen probably reflects marine 
influences, yet amorphous kerogen never predominates. 
Marginally marine to nonmarine Lower Cretaceous strata 
again yield woody-coaly types of kerogen. The Albian­
Cenomanian marine transgression is marked by increased 
percentages of amorphous kerogen and, in many areas, is 
the dominant type recovered. This same situation pre­
vails throughout much of the Upper Cretaceous along the 
continental margins north of the Baltimore Canyon area. 
No information on organic-matter types is available for 
the West Coast or Alaskan continental margins. 
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FIGURE 3.12 Examples of kerogen evolution paths. Evolution of kerogen composition is marked by arrow along 
each linear path. (Tissot et al., 1974.) 

Organic Matter from Tertiary Rocks 

Amorphous organic matter is locally present in Tertiary 
sediments along the U.S. East Coast offshore. It becomes 
the dominant organic constituent in residues from the 
Labrador Shelf. This reflects the gradual return to marine 
sedimentation in the Tertiary. The same situation pre­
vails on the U.S. West Coast offshore, where, based on 
limited data, amorphous organic matter and marine 
foraminifera appear to be common constituents in Ter­
tiary sediments. 

Kerogen Alteration Levels as a Reflection of Past 
Thermal History 

Vitrinite reflectance of Paleozoic sediments on the Sco­
tian Shelf are generally within the main generating phase 
for liquid and gaseous hydrocarbons. East-northeast on 
the Grand Banks, Newfoundland reflectance values in 
l\1esozoi<: sediments tend to be lower than in the 
Paleozoic, and thermal requirements for liquid hydrocar­
bon genemtion are not met until well depths of 2400 m 

are attained (see Cassou et al., 1977). Transmitted-light 
kerogen observations confirm this depth figure in 
Mesozoic sediments and in the Baltimore Canyon area. 
Tertiary alteration values along both the East and West 
Coasts show the sediments to be immature and display 
preliquid hydrocarbon-generation characteristics of yel­
low kerogen colors and less than 0.5 R0 percent vitrinite 
reflectance. 

In conclusion, we encourage specific projects relating 
to the formation, deposition, and preservation of organic 
matter in differing physiographic, hydrographic, and 
climatic settings. Projects in these fields would improt:e 
our understanding of the formation of hydrocarbon 
source beds and will need the cooperation of physical 
and chemical oceanographers, biologists, and sedimen­
tologists. 

CLATHRATE FORMATION 

At low temperatures and high pressure s, many low­
molecular-weight gases (including methane, ethane, car-
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bon dioxide, and H2S) combine with water to form ice like 
crystalline solids (Figure 3.13). The conditions in which 
these (so-called) clathrates are formed are well known 
from laboratory studies on clathrate formation. (See Fig­
ure 3.14 for conditions of hydrate formation in the 
methane-freshwater system.) These studies are related to 
gas-transmission pipelines in cold climates. Natural clath­
rates are found on land in the permafrost oil fields of 
Siberia and in the North American Arctic. Because the 
appropriate conditions are found throughout deep-sea 
sedimentary environments (Figure 3.15), it has been 
postulated that clathrates may exist there. This has been 
confirmed by the discovery of reflecting horizons that 
parallel the seafloor and cut across bedding planes. Such 
horizons have been observed on the Blake Outer Ridge 
ofT the southeastern United States (Figure 3.16) and be­
neath the upper continental rise ofT New Jersey and Del­
aware, as well as ofT the U.S. West Coast. Preliminary 
drilling by the Deep Sea Drilling Project (DSDP) has 
shown much higher-than-normal methane concentrations 
associated with the Blake Outer Ridge reflecting horizon. 
Similarly, high methane concentrations have been corre­
lated with other high-amplitude reflecting horizons in the 
deep sea. 

The presence of clathrates in deep-ocean sediments 
could be important in blocking the escape of hydrocar­
bons, often capping petroleum or natural gas accumula­
tions . Conversely, failure to recognize clathrates during 
drilling or platform siting could cause some hazards, be­
cause they profoundly alter the physical properties of sed­
iments in which they occur. Continental margins encour­
age conditions that favor the formation of clathrates. 
Biological productivity tends to be greater there than in 
the open ocean, and rapid deposition favors the presence 
of anaerobic, methane-producing bacteria. During 
geologic time, clathrates may form and then be destroyed. 
The change may be an important sedimentary process 
resulting in large-scale slumping of unstable sediments 
on the upper continental slopes. 

Since clathrates can influence the geology of areas in 
which they occur as well as serve to indicate potential 
sources of hydrocarbons, a concentrated effort should be 
undertaken to investigate where they exist in 
continental-margin sediments. The only effective way to 
prove their existence is to core in an area that has the 
proper high-amplitude reflecting horizons and to recover 
the core under in situ conditions of pressure, tempera­
ture, and gas concentration. Several attempts to do this 
were made by the DSDP, but in all cases, a considerable 
amount of gas escaped during core recovery and prior to 
sampling. Nevertheless, methane concentrations of at 
least 20 mmole/liter were indirectly estimated to he pres­
ent in interstitial waters in a Cariaco Trench DSDP core 
before it was brought to the surface. While this is a mini­
mal value, it does show that methane concentrations ap­
proaching saturation levels are possible in the deep sea. 

We recommend intensified studies of the distribution 
and physical and chemical properties of seafloor clath-
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rates. These studies should include the development of 
adequate and safe sampling methods and an evaluation 
of clathrate formation and destruction as a significant 
sedimentary process. 

MARINE HYDROCARBON DETECTION 

A major application of marine geochemistry to the <:onti­
nental margins is "sniffing." This is a technique for locat­
ing oil or natural gas seeps by measuring the concentra-

NORMAL ICE 

HYDRATE 

TETRAKAIOECAHEORON DODECAHEDRON 

FIGURE 3.13 Photographs of models of "cages" and crystal 
lattice of Type I hydrate and ice. (Courtesy of R. D. Mciver, 
Exxon Production Research, 1977.) 
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FIGURE 3.14 Hydrate formation in the methane-freshwater system. (After Katz et al., 1959.) 

FIGURE 3.15 Hydrate-favoring zone 
under the ocean. (Courtesy of R. D. 
Mciver, Exxon Production Research.) 
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FIGURE 3.16 Strong clathrate (gas-hydrate) reflector beneath Blake Outer Ridge, U.S. Atlantic continental mar­
gin. Reflector follows contour of seafloor and cuts across dipping contourite buildups that form Blake Outer Ridge. 
Thick Late Tertiary sedimentary section overlies unconformably much thinner Early Cretaceous (Neocomian) 
through Jurassic sedimentary section. Top ofNeocomian correlated with horizon beta (B) from DSDP 105. Middle to 
possibly Early Jurassic(?) strata onlay and fill volcanic basement (horizon B) (Layer 2). [Modified from ShiRley et al. 
(in press) and Buffier et al. (in press).] 
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FIGURE 3.17 Sniffer data in profile form. Methane anomaly (on left) may be due to seep from known gas field near 
this location. Propane anomaly (on right) may indicate an undiscovered oil field. (Courtesy ofJ. D. Burgess and R. J. 
Mousseau, Gulf Science and Technology Company.) 

tion of gaseous hydrocarbons in the sea. The underlying 
assumption is that areas with anomalously high hydrocar­
bon concentration can be traced to seeps. Other com­
pounds from petroleum could also be used as seep indica­
tors, but for practical reasons (primarily, the difficulty in 
analyzing those compounds), sniffing is usually restricted 
to the measurement of the gaseous hydrocarbons. 

Practicing this detection technique, petroleum and 
natural-gas companies have acquired systems that can 
rapidly collect data on the amount of these compounds 
present in the ocean. These companies are understand­
ably discreet about their exploration activities, but it seems 
quite certain that several of them employ such systems for 
this type of study. Prough (1976) has described a system 
that InterOcean Systems, San Diego, offered to industry. 
In addition to the commercially supplied systems, there 
are companies, e.g., Gulf, that have developed and em­
ploy their own systems. 

Gulfs system on the RIV Hollis Hedberg employs three 
separate water inlets that continuously supply sample 
streams from the near surface, the intermediate depths, 
and the deeps. The deep-towed sample inlet can operate 
down to nearly 180m while the ship is moving at normal 
seismic-survey speeds. Each sample stream is analyzed 
for seven hydrocarbon gases once every 3 min with a sen­
sitivity that depends on the hydrocarbon but that is, for 

example, for propane, about 5 x 10- u liter of propane at 
STP per liter of seawater. 

Compared with the techniques by which most gas in 
seawater concentrations has been determined, and 
which involve stripping a discrete sample for each 
analysis, it is obvious that the industrial marine hydrocar­
bon analyzer can generate larger volumes of data much 
faster (up to 1440 samples in a 24-hour day when all three 
inlets are employed). This amount of data requires auto­
mated handling methods. The Gulf system records the 
gas data along with ancillary data, such as inlet tempem­
ture and sampling depths, on digital magnetic tape . 
Routine processing provides listings, profiles, and data 
maps. Figures 3.17 and 3.18 show examples of such pro­
cessing. 

Interpretation of these data for e xploration is built on 
the assumption that local areas of enhanced hydrocarbon 
concentration are caused by seepages from oil or natural­
gas accumulations. Figure 3.17 illustrates one form in 
which "sniffer" data can be used as an exploration tool. It 
shows geochemical data from a deep-tow inlet in profile 
fom1. The strong methane anomaly on the left of the fig­
ure probably discloses seepage from a known gas field at 
this location. On the right, a propane anomaly may indi­
cate seepage from an undiscovered oil field. 

Figure 3.18, another data display, shows methane data 
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from the deep-tow inlet as a contour map. The area of 
high methane concentration on the right of the map may 
reflect a gas seep at the seafloor. Note, incidentally, the 
detail in the methane distribution when it is sampled by a 
.. sniffer .. system. Such detail would not appear in the 
usual station-type survey. 

In order to use sniffing tools effectively and to interpret 
the data adequately, it is necessary to have information 
about phenomena other than hydrocarbon seeps that con­
tribute to hydrocarbon gases in the sea. Two features in 
the published data make it increasingly evident that 
methane, the primary component of natural gas, is ac­
tually formed in the ocean within the water column itself. 
First, studies on baseline concentration show that the 
methane concentration in surface ocean water slightly ex­
ceeds what would be present if the surface water were in 
equilibrium with the atmosphere. In other words, the 
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ocean is acting as a source of methane to the atmo­
sphere (see report of the Ocean Sciences Board, 1978, 
p. 147). 

Second, several investigators have observed that the 
methane concentration often demonstrates a maximum 
value near the depth of the thermocline (Figure 3.19). 
Scranton and Brewer (1977) have modeled their observa­
tions to rule out the possibility that this maximum may be 
due to the advection of high concentrations from near­
shore sources. They conclude, in concurrence with 
Lamontagne et al. (1973), that methane is being gener­
ated, probably biogenically, near and above the level of 
the observed maximum concentrations. Obviously, such a 
phenomenon cautions against blind acceptance of 
"methane anomalies" as indicators for oil or gas seeps. 

Fortunately, there is evidence that other gaseous hy­
drocarbons that are directly related to petroleum do not 

" 

1 .. •---10,000 METERS--__..,.-4 

" 
FIGURE 3.18 Methane concentration from a deep inlet displayed in contour form . Numbers on contours are relative methane concen­
trations. (Courtesy of the Gulf Oil Corporation.) 
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have a biogenic source in the sea. Note in Figure 3.19 
that, at the same depth at which methane exhibits a 
maximum concentration, ethane and propane do not in­
crease in concentration. There is an extensive literature 
on biological production of methane, which is sum­
marized by Mechalas (1974). Neither of the two major 
pathways contending for metabolic production of 
methane, C02 reduction or acetic acid fennentation, pro­
duces higher molecular-weight homologs. Hunt (1974) 
states, " ... none of the alkanes in the butane-heptane 
range are formed biologically as far as is known at pres­
ent." These findings support the belief that saturated 
hydrocarbons heavier than methane are not produced in 
the water column at sea. 

Still, the possibility remains that methane and heavier 
homologs are introduced into the sea by contemporane­
ous generation of gases in the shallow sediments. Obvi­
ously, gases forming in yesterday's sediments may have 
no relationship to deeper petroleum deposits. There is 
ample evidence for methane generation in shallow (i.e., a 
few tens of meters) sediments. However, it is not clear 
how much enters the sea. Reeburgh (1969) published pro­
files of methane concentration in the upper couple meters 
of Chesapeake Bay sediments (Figure 3.20) that show 
methane concentrations reaching the gas ebullition point 
at depths of a meter or two below the seafloor. These 
profiles also show very low methane concentrations 
within the upper 25 em. Reeburgh (1969), Reeburgh and 
Heggie (1974), and Martins and Berner (1974) considered 

FIGURE 3.19 Depth profiles of meth­
ane and other gases in open ocean waters. 
[After Brooks and Sackett (1973) and 
Scranton and Brewer ( 1977).) 

alternative mechanisms that might lead to the observed 
profiles. The preferred explanations are that sulfate re­
duction occurs in the upper sediments and methane gen­
eration occurs in the lower sediments. The small amount 
of methane that was observed in the upper sediments was 
attributed to diffusion from below. Reeburgh condudes 
that the upward concavity of the upper profile was due to 
physical or biological mixing. This interpretation implies 
a significant methane flux to the seafloor. 

Barnes and Goldberg ( 1976) believe that their data from 
the Santa Barbara Basin (showing a similar profile) indi­
cate a mechanism whereby methane is generated 
throughout the sediment column but is simultaneously 
consumed biochemically (probably by Desulfovibrio­
bacteria) within the upper section. Reeburgh also ad­
vances this theory to explain methane behavior for the 
Cariat·o trench. Sut·h an interpretation eliminates (or. at 
least, greatly reduces) the inferred rate at which methane 
is purportedly introduced to the seafloor. An answer to 
these questions would be relevant to petroleum explora­
tion. 

The presence in recent shallow sediments of small 
amounts of hydrocarbons in the ethane-through-heptane 
range has been reported by several investigators. Hunt 
(1975) found that the total of these gasoline-range hydro­
carbons typically amounts to 10-500 ppb by weight. Since 
the amount of these hydrocarbons correlates with the or­
ganic carbon content of the sediments, he believes that 
the diagenetic reactions forming them are occurring much 
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earlier and at much lower temperatures than most 
geochemists had expected. Their low concentration, dilu­
tion by the other organic material, adsorption on the sed­
iment surfaces, and possibly other effects may lower the 
escaping tendency of these hydrocarbons to the point 
where they do not appear to enter the water column in 
sufficient quantities to interfere with this exploration 
technique. Further research is needed in this area to es­
tablish the limits of possible interference. Pore-water 
measurements for these heavier hydrocarbons would be 
especially useful. 

Hunt's finding may be more indicative of possible in­
terference in the exploration technique described by 
Horvitz (1968). In this technique, the shallow sediment 
sample itself is analyzed for the low-molecular-weight 
hydrocarbons it contains. Allegedly, contours of hydro­
carbon concentration that are in the same range of values 
that Hunt reports define deep oil or gas accumulations. 
:'\onnal fluctuations in the indigenously produced gas 
may be the primary control for the contours. 

We recommend that environmental and sediment­
dynamics studies make full use of commercially avail­
able sniffing techniques. These techniques should be 
further developed to trace and map the distribution of 
nonhydrocarbon chemical components in waters overly­
ing the seafloor. 

FIGURE 3.20 Methane, argon, nitrogen, 
and temperature with depth distributions 
in shallow Chesapeake Bay sediments. 
(From Reeburgh, 1969.) 
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4 Stratigraphy 

A. STRATIGRAPHY AND FACIES ANALYSIS 

Traditionally, stratigraphy was based on careful field 
mapping, subsurface work, detailed measurements of sec­
tions, and elaborate lithologic and paleontologic descrip­
tions. Construction and correlation of stratigraphic sec­
tions came next, rock sequences were interpreted in the 
light of recent sedimentation, and, finally, the grand syn­
thesis showed one or more paleogeographic maps with 
vistas of ever-changing landscapes and seascapes. 

In not much more than the last decade, two major de­
velopments revolutionized stratigraphy: 

1. Seismic stratigraphy-high-resolution reflection 
techniques provided stratigraphers with x-ray-like pic­
tures that revealed the fine anatomy of stratigraphic se­
quences (Figures 4.1 and 4.2). 

2. Paleooceanography-via reconstructions based on 
the plate-tectonics concept of continents that shift 
through time, scientists became more acutely aware that 
there had been many major changes in ocean circulation 
and paleoclimatology. 

Most of the traditional observations and studies remain 
valid and will be continued, but many of today' s stratig­
raphers are reviewing them in an effort to reconcile them 
with the latest concepts and methodology. The entire 
field is in a splendid state of flux. 

61 

More than any other single group, geologists from the 
Exxon Production Research Company have worked out 
the methodology of seismic stratigraphy. The techniques 
and examples are discussed in detail by Vail et al. (1977). 
Seismic stratigraphy is a geological approach to the 
stratigraphic interpretation of seismic data. The unique 
properties of seismic reflections allow the direct applica­
tion of geological concepts based on physical stratig­
raphy. Primary seismic reflections are caused by imped­
ance contrasts across physical surfaces in the rocks, 
namely, stratal (bedding) surfaces and unconformities 
with velocity-density contrasts. Therefore, these reflec­
tions parallel stratal surfaces and unconformities. Since 
the rocks above such surfaces are younger than those 
below it, the resulting seismic section is preferably inter­
preted to be a record of the chronostratigraphic (time­
stratigraphic) depositional and structural patterns, not a 
record of the time-transgressive lithostratigraphy (rock 
stratigraphy). 

The resolving power of reflection seismic data varies 
with scale. With high-energy sources, deep penetration 
with relatively lower resolutions is obtained, whereas 
high-frequency sources permit high resolution (in meters 
and fractions of meters) of shallow layers. For a detailed 
account, see Des Vallieres (in press) and Sieck and Self 
(1977). Also, the chronostratigraphic record is more de­
tailed in stratigraphic sequences deposited in a high­
rate-of-subsidence regime. Low rates of subsidence lead 
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FIGURE 4.1 Seismic protlle 126, reflection-time section, West Florida shelf. Marked change in sedimentary regime occurs at horizon F, with strong offiap of younger 
beds. Channel to right of core-hole 29-42 is part of an<.-estral DeSoto Canyon system. (After Mitdnun, 1976.) 
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to more condensed sequences with fewer reflecting inter­
faces. In any event, a continuous seismic reflection con­
stitutes an excellent obseroable chronostratigraphic cor­
relation line. There are also exceptions where reflections 
are from hydrocarbon-water interfaces, from hydrates, or 
from within the crystalline basement. When these occur, 
they are easily recognized. 

Because seismic reflections follow chronostratigraphic 
correlations, scientists can interpret postdepositional 
structural deformation and make the following types of 
strati graphic interpretations from the geometry of 
seismic-reflection correlation patterns: (1) geologic time 
correlations; (2) definition of genetic depositional units; 
(3) thickness and depositional environment of genetic 
units; (4) paleobathymetry; (5) burial history; (6) relief, 
topography, and areal extent of unconformities; (7) eustat­
ic and relative changes of sea level; and (8) paleogeog­
raphy and geological history. A limiting factor is that rock 
type cannot be determined directly from the geometry of 
reflection correlation patterns. For lithologic information, 
true amplitude sections are becoming increasingly more 
important (see the papers in Section 3 of Payton, 1977). 

To accomplish the geological objectives just listed, the 
following three-step interpretational procedure is used to 
analyze: (1) seismic sequences, (2) seismic facies, and (3) 
relative changes of sea level. 

1. Analysis of seismic sequences is based on the iden­
tification of stratigraphic units composed of a relatively 
conformable succession of genetically related strata, i.e., 
depositional sequences (Figure 4.3). The upper and lower 
boundaries of these sequences are unconformities or their 
correlative conformities. The time interval represented 
by strata of a given sequence may differ from place to 
place, but the range is confined to synchronous limits that 
are marked by ages of the sequence boundaries where 
they become conformities. Depositional-sequence 
boundaries are recognized by reflections from lateral 
terminations of strata, termed onlap, downlap, toplap, 
and truncation. Depositional sequences provide an ideal 
framework for stratigraphic analysis, because they consist 
of genetically related strata that have chronostratigraphic 
significance. 

2. Analysis of seismic facies is the delineation and in­
terpretation of reflection geometry, continuity, 
amplitude, frequency, interval velocity, and the external 
form and associations of seismic-facies units within the 
depositional sequences. Once the parameters of seismic 
facies are described and mapped, we can predict the 
lithologic potential of the seismic facies based on an in­
terpretation of the sedimentary processes and environ­
mental settings. 

3. Analysis of relative changes of sea level consists of 
constructing chronostratigraphic correlation charts and 
cycles of relative changes of sea-level charts on a regional 
basis and comparing them with global data. Similarities of 
the regional cycles to the global cycles (Figures 4.4 and 
4.5) are significant because they introduce a dimension of 
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predictability into stratigraphy, allowing more accurate 
prediction of ages, times of unconformities, paleoenvi­
ronments, and lithofacies. Differences between regional 
and global curves indicate times of local structural defor­
mation. 

Numerous unconformities seen on seismic data can be 
correlated globally and appear to be related to eustatic 
changes of sea level (Figure 4.6). Thirteen appear to be 
related to major falls of sea level and are, therefore, con­
sidered major interregional unconformities. We define 
them as unconformities below which the youngest marine 
and coastal strata were widespread on the continental 
shelves at the time of deposition and above which the 
oldest strata were usually restricted to slopes or basins. 
Many minor interregional unconformities related to 
minor falls of sea level are present between the major 
interregional unconformities. 

These conclusions are based on studies of regional 
grids of deep-penetration seismic data tied into well con­
trol with paleontologic and facies data. Much remains to 
be done to document these conclusions and understand 
the processes that created interregional unconformities. 
DSDP holes have provided significant data that support 
the present conclusions (Rona, 1973), however, deep-sea 
drilling, tied into a grid of deep-penetration seismic data 
in a variety of tectonic settings, is critical to understand 
these concepts. 

The methodology is straightforward, but some of Vail's 
interpretations regarding worldwide simultaneous sea­
level changes are controversial. (Figure 4.4). The inten­
sity of the debate can be gauged by a quote from Dott and 
Batten (1971, pp. 69-70), who said: "Until the middle 
20th century there still lingered a faith among geologists 
that the stratigraphic record was naturally divided by 
worldwide rhythms of mountain building reflected as 
very long-period, worldwide transgressive-regressive cy­
cles, assumed to conform neatly with the system bound­
aries. This concept reflects a century-old influence of 
Hutton's and Lyell's cyclic view of the earth, and it pro­
vided a convenient rationale for a universal time scale. 
Modern stratigraphic studies have shown this scheme to 
be a fraud in its simple form; mountain building and un-

TOP LAP 

DOWN LAP INTERNAL 
DIVERGENCE 

TRUNCATION 

FIGURE 4.3 Schematic seismic sequence . Depositional 
sequence-stratigraphic unit composed of a relatively conform­
able succession of genetically related strata and bounded at its 
top and base by unconformities or their correlative conformities. 
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confonnities have not been so perfectly uniform either in 
age or magnitude over large regions . Reaction set in and 
any widespread synchroneity was, for a time, denied 
categorically, but recently there has appeared evidence of 
certain long-tem1 events which may, after all , prove to be 
more or less universal." 

We recommend that some future deep-sea drilling 011 

continental margins be aimed at drilling, coring, and 
testing well-described seismostratigraphic sequences . 
With such drilling data , scientists would be able to relate 
the lithofacies distribution to the geometries perceived 
on reflection seismic lines. 

The problem is, dearly, to separate local from global (or 
interregional) effects . The Exxon concepts are based on 
reflection seismic lines that were calibrated by well loca­
tions aimed at testing potential hydrocarbon-hearing 
structures. These locations are not optimum to reveal the 
specific details of seismo-stratigraphic sequences. To un­
derstand these details, cores have to be obtained from 
scientifically selected targets, e .g., onlaps and offlaps. 

Correlations between stratigraphic sections from 
neighboring segments of the coastal plain and shelf of any 

passive margin have often proved to be quite difficult and 
rarely have been done in detail. Only the most coarse 
correlations have been made for widely separated mar· 
gins . The correlativity of the patterns of sedimentary 
onlap and offlap (regardless of their origin) suggests that 
multichannel seismic data, complimented by data from 
judiciously placed boreholes, may be used to develop a 
worldwide stratigraphy for passive margins of Mesozoic:: 
and Cenozoic ages. 

Vail et al. (1977) already have demonstrated that devel· 
oping a worldwide Mesozoic-Cenozoic stratigraphy for 
passive margins is a reasonable possibility. What is 
needed now are considerably more multichannel seismic 
data for margins of different ages. The experiments 
should be designed to obtain both shallow and deep St>e· 

tions. Most lines should be shot perpendicular to the 
margin, but some that are parallel to the margins are also 
needed. Both shallow and deep biostratigraphic 
boreholes will be needed to calibrate the seismic se<:· 
tions. These should be tied to the seismic lines. 
Lithofacies may be studied by analyzing the character of 
the seismic reflections and the borehole data. 
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FIGURE 4.4 Global supercyde chart and correlation with orogenic activity. (Compare and contrast also with 
Figure 9.2.) (From Vail et al., 1977b.) 
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FIGURE 4.5 Jurassic-Tertiary global cycles of relative 
changes of sea level. (From Vail et al., 1977a.) 

B. PALEOOCEANOGRAPHY 

As a consequence of study of DSDP cores and the devel­
opment of plate tectonics, paleooceanography has made 
great advances. In the past, "paleogeographic" recon­
structions were based on mostly land stratigraphic data 
displayed on base maps that showed the present distribu­
tion of continents or else on crude reconstructions based 
on Wegener's concept of continental drift. Much of this is 
summarized in the white paper of the JOIDES Advisory 
Panel on Ocean Paleoenvironment (1977), parts of which 
are reported in this report. In particular, the following 
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developments have changed the course of paleooceano­
graphic work. 

1. The distribution of present-day planktonic as­
semblages is related to salinities and densities of surface 
waters and to seasonal temperatures. That distribution 
can be compared and correlated with the distribution of 
Quaternary and, by analogy, older assemblages. 

2. The study of the pelagic microfaunas obtained from 
DSDP cores now pennits worldwide time-stratigraphic 
correlations of Cretaceous and Tertiary pelagic sequences 
with an accuracy of ± 1 million years. 

3. Worldwide correlations based on microfaunas can 
be supplemented with paleomagnetic stratigraphic corre­
lations to delineate precise stratigraphic horizons. 

4. Worldwide transgressions and regressions can be 
traced and correlated by seismic stratigraphy (see preced­
ing section). Long-tenn trends in sea level can be related 
to fluctuations in the spreading rate of midocean ridges. 

5. Reconstructions based on matching continental out­
lines at deeper isobaths, continental geology, magnetic 
stripe patterns of the oceans, and fracture-zone trends 
provide detail on the distribution of continents and 
oceans during the Mesozoic. 

6. Reconstructions using the determination of 
paleomagnetic poles of oriented rock samples supple­
ment Mesozoic reconstructions and establish paleo­
latitudes. This technique also permits useful reconstruc­
tions to be made for the Paleozoic. 

QUATERNARY AND LATE TERTIARY PALEOOCEANOGRAPHY 

The CLIMAP project, sponsored by the International Dec­
ade of Ocean Exploration (IDOE), studied climatic 
changes over the last·miiJion years. This work has led to a 
reconstruction of the sea-surface temperatures, ice extent, 
ice elevation, and continental albedo for the earth some 
18,000 years ago (the time of maximum extent of conti­
nental glaciation in the last ice age). A similar map for the 
penultimate interglacial maximum (20,000 years B.P.) is 
being made. Details of this work are reported in Cline 
and Hays (1976). Ruddiman and Mcintyre (1976) report 
that seven climatic cycles occurred in the past 600,000 
years, and within these cycles, at least 11 separate ad­
vances of polar water have occurred. 

It appears that during the late Miocene-early Pliocene, 
the glacial history of the Antarctic, the Atlantic-Pacific 
interconnection across Middle America, and the flow in 
and out of the Mediterranean have greatly influenced 
climatic evolution. 

During middle Miocene, the Antarctic ice cap grew to 
its present size (Kennett et al., 1975), while the Calcite 
Compensation Level rose about 1 km (van Andel et al., 
1975). An even more fundamental Tertiary climatic 
change is thought to have occurred near the Eocene­
Oligocene boundary (Shackle ton and Ke nne tt, 1975a, 
1975b), resulting in a substantial increase in bottom-water 
current activity that produced widespread deep-sea un-
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conformities and that profoundly modified continental 
slopes. 

\Iuch of this work has been based on interpretation of 
data from oceanic pelagic sediments. Our knowledge 
would be enhanced by studying long cores from the con­
tinental rises, where the rapid rates of sedimentation 
allow much greater stratigraphic resolution. 

MESOZOIC-CENOZOIC RECONSTRUCTIONS 

Much of the history of plate motion and evolution of 
ocean basins over the past 80 million years can be derived 
from the pattern of marine magnetic anomalies . The pro­
cess of accretion that creates new ocean basins fom1s 
magnetic lineations parallel to and bilaterally symmetric 
with the midoceanic ridge axis. Each lineation represents 
a former ridge axis and has a magnetic signature that al­
lows identification according to age. Paleogeographic re­
constructions of an ocean basin for a partkular age may be 
made by fitting together magnetk lineations of that age 
from opposite sides of the ridge axis, i.e ., in a manner 

analogous to running the accretionary process backward\. 
In the Atlantic, where the surrounding continents h,nt" 
been passively rafted as spreading has occurred. thl' 
fomwr relative positions of the surrounding continent\ 
(Figure 4.7) may thus be obtained (Pitman and Talwani. 
1972). 

A major problem lies in constructing paleogeographic 
maps so that the entire developmental history of an oce;m 
basin can be deciphered. The oldest rifted margins that 
are known are the U.S. East Coast and Northwest Africa 
margins. The rift-to-drift transition occurred here about 
170 m.y. ago (Early Jurassic). The rifts themselves ma~ 
contain sediments as old as Late Triassic. These early rifb 
initiated the breakup of Pangea, which resulted in the 
changing shape and distribution of continental margin< 
(Figure 5.1). The evolution of passive margins as related 
to that breakup is discussed on pp. 78-85. 

The DSDP provided information on the oceans only '" 
far back as the uppermost Jurassic. There is ample seis· 
mic evidence that older Early Mesozoic sections <><.-cur iu 
the oceans and on continental margins. However, to real·h 
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FIGURE 4.6 Table of major sea-level falls that cause major interregional unconformities . (From Vail et al., 1977.) 
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FIGURE 4.7 The relative position of Europe and Africa with respect to North America for specific times. Blacked-in continents 
represent present-day positions. Dates for earlier positions are indicated on the map. For Greenland only, the fully "closed" position [as 
deduced by Bullard et al. ( 1965) and presumed to be at 81 m.y.) and the present position are shown. The 200-m and 1()()().m isobaths are 
shown for the relative positions at 81 m.y. Also shown are the positions of the Canary Islands and the New England Seamount Chain at 
this time. The arrows show the flow of Africa and Europe away from North America. The lineAB, which joins a point in Spain and a point 
in Africa, is shown as a guide to the relative motion of Eurasia and Africa. [From Pitman and Talwani ( 1972). Reprinted from the Bulletin 
of the Geological Society of America.) 

them by the drill requires capabilities beyond those of the 
Glomar Challenger. Because of the narrowness of a new 
ocean basin and the possible existence of inhibiting bar­
riers at its ends (e.g., the present-day Red Sea), connec­
tion with the world ocean system may be severely re­
stricted during its early development. This appears to 
have been the case for the South Atlantic north of the 
Walvis Ridge from about 130-106 m.y. B.P (LaBrecque, 
1976). 

Significant changes in oceanographic parameters may 
also take place during the evolutionary history of an ocean 
basin. For example, the Labrador Sea began to open 
about 81 m.y. ago, and the Norwegian Sea about 65 m.y. 
ago. In both instances, deepwater access between these 
young oceans and the Arctic was blocked by continent­
bounded transform faults. There may have been 

shallow-water communication, because sea level was un­
usually high at that time (Upper Cretaceous, Lower 
Paleocene; Hays and Pitman, 1973). A potential deep­
water connection with the Arctic did not start to form until 
about 45 m.y. ago and may be one of the factors resulting 
in the formation of the Atlantic Eocene cherts. Today, 
connection with the Arctic is still restricted, but if 
present-day directions and rates of relative motion per­
sist, a broad and deep connection will gradually be estab­
lished. 

Because of progressive plate motion, the geometry of an 
ocean basin, its connective links with other ocean basins, 
and its latitude may be radically changed within a few 
millions or tens of millions of years. For example, during 
the Pliocene, the Isthmus of Panama was uplifted, cutting 
off circulation between the central Atlantic and the cen-
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tral Pacific. Connection between the !\1editerranean and 
the central Atlanti(' is also being cut off as Africa progres­
sively moves northward into Europe (Minster et al., 
1974). 

Although the timing of major changes in the geometry 
of the ocean basins may be ('alculated from models, the 
resultant effects must be determined from the sedimen­
tary record. It is evident that changing the geometry, 
paleogeography, and inter('onnections of the ocean basins 
will affect sedimentation at margins as well as in the ba­
sins, but the precise details of these effects are not known. 
Analysis of the sedimentary record at the margins and in 
the deep sea would test the hypotheses about the nahue 
of these changes. It is also possible that significant 
oceanographic changes might first be detected in the sed­
iment record, indicating previously undetected changes 
in plate geometry or sea level. Passive margins serve as 
monitors of the oceanic surface-water circulation, of the 
vertkal stratifications and characteristics of the oceanic 
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water-column, and of the climatically controlled paleoen­
vironment over the c·ontinental hinterland. 

Transects of drill sites from continental margins would 
provide insight into the vertical structure of the oceank 
water column be('ause it is here that intermediate-depth 
and deepwater masses impinge upon the rise and slope of 
the continents. Because renewal of these water masses is 
much slower than surface- or bottom-water masses, the 
chances for the preservation of these oceanic paleoenvi­
ronments are <:onsiderably enhanced. The correlation of 
the Late Mesozoic and Cenozoic fluctuations of the Cal­
cite Compensation Depth with the sequence of eustatic­
transgressions and regressions observed over the inner 
part of the continental margins proves the close linkage of 
the deepwater and shallow-water paleoenvironment. In 
short, transe('ts across passive continental margins pro­
vide us with tools to shtdy the horizontal and vertical 
gradients of the oceanic paleoenvironment. 

Continental margins act as pathways to the seas for par-

FIGURE 4.8 The arrangement of the various continental landma~ses and the distribution of the seas for Coniacian time. This is a 
Mercator map. The pole of projection is the presumed rotational pole for the Coniacian as determined from paleomagnetic data. The 
position of the continents with respect to each other is based mainly on marine magnetic data. The distribution of the epeiric seas was 
determined from geologic data. (Courtesy of G. Mountain and W. C. Pitman, Lamont-Doherty Geological Observatory of Columbia 
University.) 
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ticulate or dissolved terrigenous material from the conti­
nental hinterland. The quantitative and qualitative com­
position of this input is controlled by the geology of the 
hinterland, by climatic processes, and by the area and 
relief of the drainage basins that supply the terrigenous 
Illaterial to the continental edge. The following climatic 
systems should be studied: (1) polar-subpolar, (2) 
transitional-temperate, (3) dry-subtropical, and (4) 
humid-tropical. 

The global climatic zonation largely controls the 
amount and type of matter supplied from the continent to 
the ocean, causes the formation of different clay minerals, 
and encourages different sedimentation rates of terrigen­
ous fines that result in a varying overburden, different 
physical properties, and different diagenetic processes of 
the organic and inorganic sediment components. In gen­
eral, the benthic and planktonic communities of continen­
tal margins are highly diverse in tropical and subtropical 
regions, with diversities dramatically decreasing pole­
ward. The variable proportions of organisms can change 
the flux of biogenous components from dominantly cal­
careous to dominantly siliceous, and vice versa. 

Tropical continental margins trap large volumes of car­
bonate (either as reefal material or as platform carbonates) 
that markedly affect the ocean's carbonate budget. 

Erosion along the continental slope generates hiatuses 
in the historic record. Slumping and mass-wasting seem 
to occur particularly frequently along temperate and sub­
tropical continental margins, probably because of the 
specific physical properties of the deposits on these mar­
gins due to their high organic-carbon contents. 

More work on paleogeographic reconstructions is 
needed. Areas such as the Central and North Pacific and 
Indian Ocean are particularly puzzling because of the 
obscure nature of the magnetic-anomaly (and fracture­
zone) patterns in these areas. 

Long-term variations in sea level may be dominantly 
controlled by the volume of the midoceanic ridge system, 
although other factors, such as continent-continent colli­
sion, sediment flux, and, of course, glacial fluctuation may 
produce significant effects on other time scales. Oceans 
are one of the most important factors controlling climate 
because of their ability to absorb, store, transport, and 
release heat. 

The paleogeographic arrangement of the various conti­
nents for the mid-upper Cretaceous (Coniacian) is shown 
in a Mercator projection in Figure 4.8. Continental frag­
ments have been arranged with respect to each other by 
fitting appropriate marine-magnetic lineations together. 
The positions of the continents are calculated with re­
spect to the rotational axis, using paleomagnetic data. The 
distribution of the epeiric seas is determined from the 
geologic record. During the Coniacian, sea level was 
perhaps as much as 325m above present sea level (Sleep, 
1976). Climate at that time was significantly warmer at the 
poles than it is today. 

Important changes in the size, geographic arrangement, 
and network of interconnections of the ocean basins have 
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occurred since the Coniacian, brought about by the rifting 
and drifting of continents. Also, since the Coniacian, sea 
level has dropped by several hundred meters, changing 
the distribution of moderating epeiric seas, reducing the 
depth of interconnecting seaways, and probably affecting 
sources of oceanic bottom water. 

In terms of geological time, the Coniacian paleogeog­
raphy shown in Figure 4.8 represents but an instant in a 
continuously evolving mosaic of ocean basins generated 
by episodes of rift, drift, collision, and accompanying 
sea-level change. 

The global change from a poorly oxygenated ocean to a 
well-oxygenated ocean is also of interest (Thiede and van 
Andel, 1977). Anaerobic conditions during mid­
Cretaceous led to the deposition of black organic-rich 
shales in the Atlantic, the Tethys, and parts of the North 
Pacific and Indian oceans. The deposition and preserva­
tion of these sediments are related to changes of the oxy­
gen minimum through geological time and are greatly in­
fluenced by transgressive and regressive cycles. 

PALEOZOIC RECONSTRUCTIONS 

The distribution of continents and oceans during 
Paleozoic and earlier times is far from clear. Here again, 
reconstructions allow us to pursue the fate of continental 
margins farther back in time. The main problems in this 
work involve (1) paleomagnetic reconstruction of conti­
nental cratons; (2) structural and paleomagnetic recon­
struction of severely deformed folded belts; and (3) 
paleoclimatic interpretation of faunas, floras, and 
sedimentary rock sequences. 

All three factors are fraught with uncertainties. Paleo­
climatologic reconstructions are strengthened if they are 
based on the climatic compatibility of various observa­
tions. An interesting example of such a study has been 
published recently by Ziegler et al. (1977a, 1977b). Fig­
ures 4.9-4.11 show climatic and biogeographic maps for 
the Early Silurian. 

C. THE NEED FOR BIOSTRATIGRAPHIC 
STUDIES 

Stratigraphic and paleooceanographic studies are criti­
cally dependent on biostratigraphy. It is fair to state that 
the success of the DSDP would have been inconceivable 
without the help of many dedicated paleontologists and 
palynologists. Biostratigraphy provides the basis for time 
correlations; fossils contribute to an understanding of the 
paleoenvironments in which sediments accumulated and 
provide insights into the past conditions of ocean basins 
and their neighboring continents. 

Studies of the areal and stratigraphic distribution of fos­
sil taxa in Mesozoic and Cenozoic sedimentary sequences 
on continental margins are of fundamental importance in 
(a) providing a biostratigraphic and chronological 
framework for interpreting rates of geological processes 
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WIND DRIVEN SURFACE CURRENTS MOUNTAINS 

.. t_· _) LOWLANDS -OCEAN 

FIGURE 4.9 Biogeography and wind-driven surface currents (annual mean) in the Early Silurian in white 
shallow-water marine areas . (Redrawn from Ziegler et al., 1977.) 

associated with the evolution of continental margins and 
(b) interpreting the nature and extent of the temporal 
changes in sedimentary facies . 

At present, most of our knowledge of oceanic stratig­
raphy has been derived from the study of zonations of 
calcareous and siliceous planktonic organisms . Extending 
these oceanic zones to continental margins and then to 
stmtigraphic sections exposed on land is a fundamental 
problem. In some instances, this necessitates the integra­
tion of classical micropaleontology and palynology, as has 
been effectively demonstrated in Southern California 
(Figure 4.12). The information must come primarily from 
borehole cores, although many present data were gleaned 
from dredged rocks . In the future, submarine rock out­
crops will be sampled more frequently by manned sub­
mersibles . In any event, sampling must be based on in­
formation from seismic profiles. 

Of particular importance is the current work of the IPOD 

Stmtigraphic Correlation Panel. This group is attempting 
to correlate the time stratigraphic zonation of benthic 
fomminiferal assemblages with the successful zonation 
based on pelagic foraminifera . Because pelagic as-

semblages are not common in shallow-water formations of 
continental margins, proper age determinations on mar­
gins have to be based on benthic assemblages. This work 
has to be done before scientific drilling in the shallow­
water portions of continental margins begins. 

Assuming that the sedimentary record will he 
adequately sampled, one area of particular interest is the 
depth zonation and morphologic gradients of fossil as­
semblages, particularly benthonic foraminifera . So far, at­
tempts to link the characteristics of faunal assemblages 
from the abyss and shelf have been few and relatively 
unsuccessful. The relationship between environment and 
skeletal morphology is significant, because changes in 
phenotype morphology have been postulated to occur as a 
function of water depth. Others believe, however, that 
this is not an important factor and that morphologic dil~ 
ferences with depth result from independent evolution· 
ary lineages exhibiting trends of parallelism and con· 
vergence. 

Many recent micropaleontological studies have dem­
onstrated that the history of surface and abyssal oc·ean 
circulation can be determined from studies of marine 
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FIGURE 4.10 Abnospheric pressure distribution and circulation for northern hemisphere winter in the Early 
Silurian in white shallow-water marine areas. (Redrawn from Ziegler et al., 1977.) 

microfossils. The more spectacular successes from this 
approach have been in reconstructing the surface hydro­
graphic environment of the world oceans during global 
ice ages. These reconstructions were the fundamental 
input to (and historical tests oO several numerical models 
of climatic change. The primary data for these surface 
reconstructions are the observed distributions of marine 
planktonic organisms, a feature that restricts their applka­
tion to the upper 500 m of the water column. The history 
of deeper-ocean circulation can be reconstructed from 
analogous studies of abyssal benthonic foraminifera, al­
though the average minimum depth to seafloor in the 
open ocean generally restricts these reconstructions to 
depths greater than 3 km. Therefore, even though it is 
necessary to know the history of the intermediate and 
deep waters if we are to understand the dynamic link 
between past changes in surface and abyssal oc·ean l'ircu-

lation, the paleocirculation of the depth interval between 
0.5 and 3 km is generally unavailable for studies. 

Studies of the present and past distribution of shelf and 
slope benthonic foraminifera can provide this knowledge 
of intennediate and deep waters. Such studies would re­
quire interpreting the ecological response of modern 
shelf and slope benthonic foraminifera to the local hydrog­
raphy of the intermediate and deep waters and docu­
menting changes in benthonic foraminiferal distributions 
through time. 

We recommend that greater emphasis be given to 
studies relating biofacies to the environment of deposi­
tion on the slope and upper rise. Such studies should be 
based mainly on the distribution of benthonic foraminif­
era, because these organisms are the key to understand­
ing the paleooceanographic conditions in intermediate 
and deep waters. 
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~ SURFACE ISOBARS --- INTERTROPICAL ,.,. SURFACE WIND DIRECTION 
CONVERGENCE ZONE 

H HIGH PRESSURE CENTER ~~ . ~ 
MOUNTAINS 

L LOW PRESSURE CENTER [ ] LOWLANDS 

- OCEAN 

FIGURE 4.11 Atmospheric pressure distribution and atmospheric circulation for the northern hemisphere summer 
in the Early Silurian in white shallow-water marine area~. (Redrawn from Ziegler et al., 1977.) 
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FIGURE 4.12 Paleobathymetry and marine paleoenvironments, and estimated rates of subsidence and sediment accumulation within Neogene deposits of the 
western Ventura Basin, Southern California Continental Borderland; figure from Ingle (in press). Note that the paleobath-ymetry is plotted both in tenns of maximum 
stratigraphic thickness of each formation and alternately in tern1s of the estimated duration of each unit in time . Estimated paleobathymetry is based on biofacies 
analysis of benthonic foraminifera reported from each unit along with lithofacies analysis as discussed by Ingle (in press). 

Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


74 DESCRIPTION AND DEFINITION OF RESEARCH PROBLEMS 

REFERENCES AND BIBLIOGRAPHY 

Berggren, W. A .• and C. D. Hollister (1974). Paleogeography, 
paleobiogeography and the history of circulation in the Atlan­
tic Ocean, in Studies in Paleo-oceanography, W. W. Hay, ed., 
Soc. Econ. Paleontol. Mineral . Spec. Pub. 20, pp. 126-186. 

Berggren, W. A., and C. D. Hollister (1977). Platt> tectonics and 
paleocirculation-Commotion in the oct>an, Tectonophysics 
38:11-48. 

Berner, R. A. (1974). Physical chemistry of carbonates in the 
oceans, in Studies in Paleo-oceanography, W. W. Hay, ed., 
Soc. Econ. Paleontol. Mineral. Mem. 20, pp. 37-45. 

Briden, J. C., G. E. Drewry, and A. G. Smith (1974). Phanerozoic 
equal-area world maps,]. Geol. 82:555-574. 

Bullard, E., J. E. Everett, and A. G. Smith (1965). The fit of the 
continents around the Atlantic, in A Symposium on Continen­
tal Drift, P. M.S. Blackett, E. Bullard, and S. K. Runcorn, eds., 
Phil. Trans. R. Soc. Landon Ser. A 258:41-51. 

Cline, R. M., and J.D. Hays, eds . (1976). Investigation of Late 
Quaternary Paleooceanography and Paleoclimatology, Geol. 
Soc. Am. Mem. 145, 464 pp. 

Des Vallieres, T. (in press). Test of various high resolution seis­
mic devices in hard bottom areas, Proceedings, lOth Annual 
Offshore Technology Conference, May 8-11, Houston, Tex., 
12 pp. 

Dott, R. M., and R. L. Batten (1971). Evolution of the Earth, 
McGraw-Hill Book Company, New York, 649 pp. 

Drewry, G. E ., A. T. S. Ramsay, and A. G. Smith (1974) . Climati­
cally controlled sediments, the geomagnetic field and the trade 
wind belts in Phanerozoic time.]. Geol. 82:531-553. 

Hallam, A., ed. (1973). Atlas of Palaeobiography, Elsevier, 
Amsterdam. 

Hay, W. W., ed. (1974). Studies in Paleo-oceanography, Soc. 
Econ. Paleontol. Mineral. Mem. 20, 218 pp. 

Hays, J . D., and W. C. Pitman III (1973). Lithospheric plate mo­
tion, sea level changes and climatic and ecological conse­
quences, Nature 246:18. 

Hughes, N. F., ed. (1973). Organisms and continents through 
time, Spec . Par>er in Palaeontology No. 12, The Palaeontologi­
cal Association, London, 334 pp. 

Ingle, J . C., Jr. (in press). Cenozoic paleobathymetry and deposi­
tional history of selected sequences within the Southern 
California Continental Borderland, in 0. L. Bandy Memorial 
Volume, R. L. Kolpack, ed., Spec. Pub., Cushman Foundation 
for Foraminiferal Research . 

JOIDES Advisory Panel on Ocean Paleoenvironment ( 1977). A 
white paper in The Future of Scientific Ocean Drilling, a re­
port by an ad hoc Subcommittee of the JOIDES Executive 
Committee, available from the JOIDES Office, University of 
Washington, Seattle, Wash . pp. 67-77. 

Kennett, J.P., R. E. Houtz, P. B. Andrews, A. R. Edwards, V. A. 
Costin, M. Hajos, M.A. Hampton, D. G. Jenkins, S. V. Mar­
golis, A. T. Ovenshine, and K. Perch-Nielsen (1975). Cenozoic 
paleo-oceanography in the southwest Pacific Ocean, Antarctic 
glaciation and the development of the Circum-Antarctic Cur· 
rent, in Initial Reports of the Deep Sea Drilling Project, Vol. 
XXIX, J.P. Kennett, R. E. Houtz,et al. , eds., U.S. Government 
Printing Office, Washington, D.C., pp. 1155-1170. 

LaBrecque, J. L. ( 1976). A study of the marine magnetic anomaly 
pattern employing techniques based on the fast Fourier trans­
form algorithm, PhD thesis, Columbia U., New York, 273 pp. 

Meyerhoff, A. A. (1970a) . Continental drift: implications of 
paleomagnetic studies, meteorology, physical oceanography 
and climatology,]. Geol. 78:1-51. 

Meyerhoff, A. A. (1970b). Continental drift II: high latitude 
evaporite deposits and geologic history of Arctic and !\orth 
Atlantic Oceans,]. Geol. 78 :406-499. 

Meyerhoff, A. A., and C. Teichert (1971). Continental drift III: 
late Paleozoic glacial centers and Devonian- Eocene coal dis· 
tribution,J. Geol. 79:285-321. 

Minster, J. D., T. H. Jordan, P. Molnar, and E. Haines (1974). 
Numerical modelling of instantaneous plate tectonics. 
Geor>hys. ]. R. Astr·on. Soc. 36:541-576. 

Mitchum, R. M., Jr. (1976). Seismic stratigraphic investigation of 
West Florida Slope, Gulf of Mexico, Am. Assoc. Petrol. Ceo/. 
Continuing Educ. Course Notes, Series 2. 

Payton, C. E., ed. (1977) . Seismic Stratigraphy-Applications to 
Hydrocarbon Exploration, Am. Assoc. Petrol. Geol. Mem. 26. 
Tulsa, Okla., 516 pp. 

Pitman, W. C., III, and M. Talwani (1972). Sea-floor spreading in 
the North Atlantic, Geol. Soc. Am. Bull. 83 :619-646. 

Rona, P. A. (1973). Worldwide unconformities in marine sedi­
ments related to eustatic changes of sea level, Natural Phys. 
Sci. 244 :25-26. 

Ruddiman, W. F., and A. Mcintyre (1976). Northeast Atlantic 
paleoclimatic changes over the past 600,000 years, in lnvesti· 
gation of Late Quaternary Paleooceanography and Paleo­
climatology, R. M. Cline and J.D. Hays, eds., Geol. Soc. Am. 
Mem . 145:111-146. 

Ryan, W. B. F., and M. B. Cita (1971). Ignorance con<.-eming 
episodes of ocean-wide stagnation, Marine Geol. 23:197-215. 

Schlanger, S. 0 ., and H. C. Jenkyns (1976). Cretaceous 0<-eank 
anoxic events: causes and consequences, Geologie Mijnb. 
55(3/4): 179-184. 

Shackleton, N. J., and J . P. Kennett (1975a). Paleotemperature 
history of the Cenozoic and the initiation of Antarctic glada· 
tion; oxygen and carbon isotope analyses in DSDP sites 277, 2i9 
and 281, in Initial Rer>orts of the Deep Sea Drilling Project. 
Vol . XXIX, J. P. Kennett, R. E. Houtz,et al., eds. U.S. Govern­
ment Printing Office, Washington, D.C., pp. 743-755. 

Shackleton, N. J., and J . P. Kennett (1975b). Late Cenozoic oxy· 
gen and carbon isotopic changes at DSDP site 284: implications 
for glacial history of the northern hemisphere and Antardk, in 
Initial Reports of the Deep Sea Drilling Project, Vol . XXIX. 
J. P. Kennett, R. E . Houtz,et al., eds .• U.S. Government Print· 
ing Office, Washington, D.C., pp . 801-807. 

Sieck, H. C., and G. W. Self (1977). Analysis of high resolution 
seismic data, in Seismic Stratigraphy-Applications to Hy­
drocarbon Exploration, C. E. Payton, ed., Am. Assoc. Petrol. 
Geol. Mem. 26, Tulsa, Okla. 

Sleep, N. H . (1976) . Platform subsidence mechanisms and 
eustatic sea-level change, Tectonophysics 36:45-56. 

Smith, A. G., J . C. Briden, and G. E. Drewry (1973). Phanerozoic 
world maps, in Organisms and Continents Through Time, 
N. F. Hughes, ed .• Sr>ec. Paper in Palaeontology No. 12. The 
Palaeontological Association, London, pp. 1-42. 

Thiede, J., and T. H. van Andel (1977). The paleoenvironment of 
anaerobic sediments in the late Mesozoic South Atlantic 
Ocean, Earth Planet. Sci. Lett. 33:45-56. 

Vail , P. R. (1977a). Seismic recognition of depositional facies on 
slopes and rises, Am. Assoc. Petrol. Geol. Continuing Educ. 
Course Notes Series 5. 

Vail, P. R. (1977b). Sea level changes and global unconfonnities 
from seismic sequence interpretation, a report of the JOIDES 
Subcommittee on the Future of Scientific Ocean Drilling. 
Woods Hole, Mass .• Mar. 7-8, unpublished. 

Vail, P. R., R. M. Mitchum, Jr., R. G. Todd, J. M. Widmier. S. 
Thompson Ill, J. B. Sangree, J. N. Bubb, and W. G. Halelid 

---· Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


( 1977). Seismic stratigraphy and global changes of sea level, in 
Sei.rmic Stratigraphy-Applications to Hydrocarbon Explo­
ration, C . E. Payton, ed., Am. A88oc. Petrol. Geol. Mem. 
26:49-212. 

van Andel, T. H., and T. C. Moore, Jr. (1974). Cenozoic calcium 
carbonate distribution and calcite compensation depth in the 
central Equatorial Pacific, Geology2:81-92. 

van Andel, T. H., G. R. Heath, and T. C. Moore, Jr. (1975). 
Cenozoic history and paleooceanography of the central 
Equatorial Pacific Ocean: A regional synthesis of Deep Sea 
Drilling Project data, Geol. Soc. Am. Mem. 145: 134. 

Wegener, A. (1929). The Origin of Continents and Oceans , J. 
Biram, translator, Dover, New York, 1966. 

Stratigraphy 7 5 

Ziegler, A. J., K. S. Hansen, M. E. Johnson, M.A. Kelly, C. R. 
Scotese, and R. Van der Voo (1977a). Silurian continental dis­
tribution, paleogeography, climatology, and biogeography, 
Tectonophysics 40(1/2): 13-51. 

Ziegler, A. M., C. R. Scotese, W. S. McKerrow, M. E. Johnson, 
and R. K. Bambach (1977b). Paleozoic biogeography of conti­
nents bordering the Iapetus (Pre-Caledonian) and Rheic 
(Pre-Hercynian) Ocean, in Paleontology and Plate Tectonics, 
R. M. West, ed., Milwaukee Public Museum, Special Papers in 
Biology and Geology #2. 

Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


5 

A. INTRODUCTION 

Passive 
Margins 

About 200 million years ago, all the present continents 
were joined together into one supercontinent, Pangea 
(Figure 5.1). In a reconstruction of Pangea, there was only 
one small segment of passive margin. It extended from 
northwest Africa to northern Australia. The tectonic style 
of the entire remainder of the margin of the superconti­
nent was characterized by subduction of oceanic crust. 
Since that time, Pangea has been breaking up and reor­
ganizing to form the global pattern of plate tectonics. 
Rifted margins have been forming and developing. A 
primary problem that confronts earth scientists is under­
standing the geological consequences of converting from 
a world with only one ocean and one continent into a 
world with several of each (Figure 5.1). No doubt, there 
were dramatic changes in the climates, affecting both the 
hydrosphere and the atmosphere, with concomitant major 
geological and biological effects. 

The breakup of Pangea coincides with the formation of 
most passive margins of the world (Figure 5.2). (As a re­
minder, passive margins are located within a lithospheric 
plate and, within that plate, straddle the boundary be­
tween oceanic and continental crust.) Our task is to un­
ravel the structure and trace the evolution of these mar­
gins from the early rifting stage to a mature stage. 

Most of what we know about the physical history of the 
earth and the development of life comes from studies of 

76 

the composition and structure of the sediments and 
sedimentary rocks that veneer the crust of the earth. We 
estimate that more than half of the sedimentary se­
quences younger than 200 m.y. have been deposited on 
passive margins since the breakup of the early Mesozoic 
supercontinent. These great reservoirs of sediments art' 
truly monuments to 200 million years of slow subsidenl'e 
of and deposition on the continental margins that origi­
nated in the interior of Pangea. 

The ocean basins created during the breakup of Pangea 
have left behind partial records of their growth, their en· 
vironment, and their disappearance. But records of their 
birth are well hidden. Only along passive margins can we 
find information on their genesis, and only passive mar· 
gins document the history of the transitional boundary 
between continent and ocean basins. 

Why are we so interested in the birth of oceans? As 
oceans are born, old continental rocks interact in unique 
ways with new, hot oceanic rocks and with waters invad­
ing from the oceans. This interaction may be one of the 
most salient processes of all in the accumulation of metal­
lic mineral deposits. Similarly, sedimentation in the 
juvenile ocean basins often produces a combination of 
evaporites, soun:e beds, and reservoir beds that constitute 
favorable circumstances for hydrocarbon accumulation. 

Interesting and important as it is, the record of the birth 
of an ocean is only a start. Prese rved accumulations of 
passive-margin sediments t·onstitute a unique, long-tem1 
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RECONSTRUCTION SIMPLIFIED AFTER BRIDEN, DREWRY AND SMITH 197 4 

LAMBERT EQUAL AREA PROJECTION 

MODIFIED TO SHOW INFERRED 

-A-- B-SUBDUCTION ON ACTIVE MARGINS 

--A-- A-SUBDUCTION l ONLY ON TERTIARY MAP 
~ TRANSFORM FAULT 

- PASSIVE MARGINS 

- OCEANIC CRUST 

FIGURE 5.1 Stages of the breakup of Pangea. (Reconstruction simplified after Briden et al., 
1974.) 

( 150-200 m.y.), homogeneous log of the oceanic and con­
tinental paleoenvironment. 

Most investigations into the massive sediment wedges 
of passive continental margins have been either related to 
the search for hydrocarbon prospects or reconnaissance in 
nature. Our information is primarily surficial or indirect, 
obtained either from geophysical methods or by correla­
tion with presumed analogous an<:ient deposits now up­
lifted into mountain ranges and exposed on land. The 

JOIDES Deep Sea Drilling Project (DSDP) did not, in the 
main, attack continental-margin problems (IPOD Passive 
Margin Panel, 1977). DSDP entered the broad passive 
continental-margin zone in just a few places. To date, the 
international phase of DSDP drilling has done only some 
shallow reconnaissance in the outer parts of a few mar­
gins. The purpose of that drilling was to assist the plan­
ning for later phases of the International Prognun for 
Ocean Drilling (!POD) that will more diredly plunge into 
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I 
~ PASSIVE MARGINS 

D Cl-Ml C-MEGASUTURE 

FIGURE 5.2 Passive margins of the world. 

the important geological and geophysical problems of 
passive continental margins. 

Although it is an essential tool, the scientific problems 
cannot be solved by drilling alone, any more than they 
could have been solved by surface studies and geophysics 
alone. Until just a few years ago, only the crudest esti­
mates of the structure of continental margins could be 
made with seismic-refraction techniques. Multi<:hannel 
seismk-reflection data have produced a quantum jump in 
our understanding of the structure of margins . The way is 
now open to build a widespread interpretation of the 
chronology and processes involved in the deposition of 
our greatest sediment reservoirs-if drilling results are 
correlated with structures rer;ealed by multichannel re­
flection records. 

B. HOW DO PASSIVE MARGINS FORM 
AND EVOLVE?* 

Passive margins apparently were fom1ed by rifting of t~lll· 
tinental crust, and their present configurations are there­
sults of geological processes that, in turn, were affected 
by climate and ocean circulation. We are in dire need nf 
deep stmctural and stratigraphic- data to unravel the stol\ 
and tell it in detail. Some pertinent data-particularh 
from Australia, Canada (Yorath et a/., 1975, and Gin•n. 
1977), and the North Sea (Woodland, 1975)-are heine 
released by petroleum companies. IPOD garnered inter· 
esting data off Africa and Europe in preparing the plan, 

*Much of this discussion is based on the white paper of the rroo 
Passive Margin Panel (1977). 

Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


for further drilling in these areas, and the IPOD holes were 
drilled on the basis of some reasonably comprehensive 
geological and geophysical surveys. 

Several models for the evolution of passive margins 
have been proposed to explain particular margins. (For a 
review, see Bott, 1976a and in press.) The differences 
bet\'lreen these models suggest some real differences in 
the evolutionary history of each margin . However, a con­
sensus exists that favors the following sequence of 
evolutionary phases (Figure 5.3): 

1. Rifting; 
2. Onset of drifting, i.e., separation of continental cmst 

as oceanic cmst accretes (displaying an array of magnetic 
stripes) in the gap between continental blocks; and 

3. Postrift evolution, dominated by massive sub­
sidence of the rifted margins and shaping of those mar-

I UPLIFT & RIFTING 

:n EXPANDED RIFTING 

Passive Margins 79 

gins by sedimentary and secondary (mostly gravity) tec­
tonics . 

C. RIFTING 

The great East African rifts (Pilger and Rosier, 1975, 1976; 
Baker et a/., 1972), the Rhine Valley graben (IIIies and 
Fuchs, 1974), and the Rio Grande rift are believed to 
exemplify the basic rifting process. Rifts like these 
may-or may not-lead to the formation of an ocean. 
Sometimes, the rifting process continues; other times, it 
stops. 

As shown by the classical sketches (Figures 5.4 and 5.5) 
of Cloos (1939), rifts are initiated on high domal uplifts. 
These uplifts are presumed to be thermal in origin. Ex­
tensive volcanism occurs. Erosion of the uplifted area and 

6.53 POST-RIFT SEDIMENTS 
a a) CARBONATES 

RIFTING SEQUENCE 

I.J ..J ..JI SALT fl SALT DOME 

1: · .. ·.:-.::::::1 SEDIMENTS 

- SIALIC CRUST 

IDD OCEANIC CRUST 

~w 

D 

THERMAL UPLIFT OF MOHO, 
UNDER ATTENUATED CRUST 

MOHO 

UPPER MANTLE OR 
LOWER LITHOSPHERE 

m YOUNG PASSIVE MARGIN EARLY SPREADING 
-?- BASE LITHOSPHERE OR 

TOP ASTHENOSPHERE 
r 

llZ: YOUNG PASSIVE MARGIN JUMP OF SPREADING CENTER 

--- -
~ OLD PASSIVE MARGIN 

I~ 
-2001CM 

FIGURE 5.3 Model for the evolution of a passive margin. 
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FIGURE 5.4 The southwest comer of Germany. Rhine Valley 
trough (graben) between Vosges (foreground) and Black Forest, 
Kaiserstuhl volcano in its center. A low and broad shield-shaped 
dome fractured in the center. Swiss Jura folds to the right. Gneiss 
exposed on both sides of graben is overlain by flat-lying Tria.~sic 
strata forming steps. [From Cloos ( 1953), reprinted by permission 
of Alfred A. Knopf, Inc.) 

thermal metamorphism of the lower crust may cause 
crustal thinning. As the area of the uplift expands, the 
crestal portion cracks and splits into subparallel and tri­
lete fault patterns that allow keystonelike segments to 
subside along normal faults. 

Adjoining cratons may be further separated by crustal 
stretching along listric (i.e., curved, like sledrunners) 
normal faults (Lowell and Genik, 1972). Others (Mutter, 
in press) maintain that there is no significant crustal 
stretching during the rifting process and that broadening 
of the rift is caused by crustal movements that are domi­
nantly vertical. 

A different model by Falvey (1974) suggests that as the 
thermal center rises, the zone of uplift expands in an out­
ward direction. With it, the crestal zone of normal faulting 
expands to form a wide zone of rifting. Thus, there will be 
a gradation from drastically altered continental crust in 
the domal crest region to less-altered crust away from the 
domal center. Falvey's model needs documentation. Re­
fraction work on the South Australian margin (Mutter, in 
press) and on the Canadian Atlantic shelf (Keen and 
Keen, 1974) suggests an abrupt transition from typical 
continental crust to what might be interpreted as radically 
altered continental crust. These data contradict Falvey's 
model. 

So far, our rifting models involve the breaking of nor­
mal continental crust that is substantially older (in excess 
of 150 m.y.) than the rifting process itself. Such models 
are based on the East African-Red Sea perspective. 

There is mounting suspicion that some of the great rifts 
initiating the passive margins of the world are emplaced 
on relatively young, "orogenic" crust of folded belts. Fig­
ure 8.6 illustrates numerous basins that are called 
episutuml basins because they lie within the megasuture 
discussed earlier. Some of these basins are rifted before 

they spread to form marginal basins. Many of these basim 
are connected with strike-slip fault systems. For example 
and in a speculative vein, this concept predicts that west· 
ern North America could drift away from the mainland, a-, 

shown on Figure 5.6. 
Turning now to the material that fills rifts, it has been 

observed that volcanics alternate with and are covered by 
contemporaneous clastic sediments. Depending on the 
elevation of the rift-valley floor and the prevailing di· 
mate, repeated tnmsgressions may result in the deposi· 
tion of evaporites on the extending continental crust. The 
restricted environment within the graben systems can 
lead to the deposition and preservation of organi<.~rich 
source beds, either marine or lacustrine in origin. It 
should be kept in mind that the domal uplift drains 
streams away from the rift valley. Thus, the dastic sedi· 
ment supply is somewhat scarce in the graben valley. 

DSDP-IPOD drilling on the Rockall Plateau indicates that 
there was substantial subaerial relief at the end of rifting 
and that shallow-water marine volcanogenic conglomer· 
ates were deposited during rifting. However, the result~ 
from DSDP drilling in the Bay of Biscay and Galicia do not 
support the East African analog. In these areas, 2000 m of 
submarine relief were created by the end of rifting. The 
rifting proc·ess was apparently submarine and was not <K~ 
companied by widespread volcanism. These unexpected 
differences may reflect rifting of a Precambrian cmton in 
the case of the Rockall Plateau and rifting of an epiconti· 
nental basin in the case of Biscay (Montadertet al., 1977). 

Simple rifts such as the Gulf of Suez (Figure 5.7B) can 
evolve into spreading oceans (as illustrated by the Red 
Sea, Figure 5.7 A), or else the rifting process can be 
aborted to form deep-seated graben systems underlying 
large cratonic basins (e.g., the North Sea, Figure 5.7C).In 
the following section, we pursue the evolution of a rift 
system into a passive <:ontinental margin. 

FIGURE 5.5 Red Sea and Gulf of Aden drawn as faultt><l 
trenches in the center of the uplifted and broken Nubian­
Arabian shield and its basalt cover. View from southwest. Left 
foreground: Egypt and Abyssinia; right foreground: Somaliland; 
background: Arabian peninsula. [From Cloos (1953), reprintt><l 
by permission of Alfred A. Knopf, Inc.J 
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FIGURE 5.6 Quinternary tectonics, Western Cordillera. A speculative drifting prediction for western North America. 
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FIGURE 5.7 Examples of rifting. A, Rifting in the South Red Sea; B, rifting in the Gulf of Suez; C, aborted rift in t11e North ea. 

D. ONSET OF DRIFTING 

During rifting, separation is accommodated by attenua­
tion of continental cmst (Rhinegraben Research Group for 
E'l.plo. ion Seismology, 1974). Drift begins with the 
emplacement of oceanic cru t between two continental 
fragments. Geologist detcnnine the time of breakup by 
the age of the oldest seafloor immediately adjacent to the 
continent. Breakup times change along passive margins 
and may well progress from one end of the margin to the 
other, as has happened in the South Atlantic (Rabinowir£ 
and LaBrecque, in press). The following is a list of pas­
·i\'e margins for which the age. of the rift-drift transition 
(breakup time) are reasonabl) well known. 

• Th East frican rift system: This may still be in the 
rifting stage. 

• The Red ea and Gulf of Aden (-10 m.y . B .P. ; 

Laughton et a/., 1970). 

• The Gulf of California (-5 m.y. B.P.; Lar\nll el a/ .. 
1968; ~loore. 1973). 

• The South Australian margin (-.50 m.). B.P.; \\'d"d 
and Hayes, 1972). 

• The Labrador ea and Europe; ~orth meric:a {­
m.y. B.P.; Klistoll'ersen, 1977). 

• The 1orwegian Sea (-65 m.y. B.P.; Talwani and Eld· 
holm, 1977). 

• South America/Afri<:a (-130 m.y. B.P.; Larsnu .mtl 
Ladd, 1973). 

• North America/ fJica (-180 m.y. B.P.; Pitman and Tal· 
wani, 1972). 

How, and for what reason. , drifting starts at a lMrtitular 
site is obscure. It i~ c:ommonl) assumed that it rdlt'tl 
change from conducti' e heat flow in the mantlt• to t'On· 

'ecti\'e heat flow dri' in I! the plates apart. 
The line along whic:h drift is initiated is not nt•et· ~aril) 

centrall} located within the wide (up to 200 km) zonr f 
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rifting and blockfaulting. That line may be located toward 
one side, as it is between Africa and North America 
(Rabinowitz, 1974). The study of conjugate margins, that 
is, margins that were joined before they drifted apart, will 
shed much light on this problem. 

In recent years, many predrift reconstructions have 
been made. They are based on matching coeval magnetic 
anomaly trends, fracture-zone directions, the presumed 
boundary between oceanic and continental crust, and 
major geological trends in continents that predate drift­
ing. It is difficult to see how these continental fits can be 
refined much fitrther on a regional scale, and yet, they 
indicate exn•ssive overlaps or gaps between continental 
blocks, which must reflect erroneous positions in the 
ocean-continent boundary, stretching of the continental 
basement dming rifting, or the nonrigidity of blocks that 
are currently presumed to be rigid. Three examples off 
eastern Canada illustrate the point: 

1. The fit of Iberia against the Grand Banks, in which 
the inconvenient location of Flemish Cap and Galicia 
Bank causes either an overlap in the north or a gap in the 
south; 

2. The fit of Rockall Bank against the northeast New­
foundland shelf is not well defined, which suggests that 
the ocean-continent boundary needs better definition, 
particularly southwest of the bank; and 

3. Plate reconstructions between Greenland and North 
America involve an overlap within the Davis Strait re­
gion, or gaps in Baffin Bay and the Labrador Sea. 

These and other areas of continental misfit are not 
adequately known, because many of them may have heen 
subjected to poorly understood processes (e.g., stretching 
of, or "cx:eanization" of, continental crust) during initial 
rifting. If we could understand such processes better, we 
might be able to explain some of the mechanisms in­
volved in the early history of continental margins . In par­
ti<:ular, one could look for the continuation of prerift con­
tinental structures in marine areas where crustal thick­
nesses are similar to those usually associated with oceanic 
crust. Reconstructions require a precise definition and 
outline of the continent-ocean boundary. In many areas, 
magnetic anomalies and a characteristic isostatic gravity 
anomaly suggest that the continent-ocean boundary may 
be a narrow linear zone. However, multichannel reflec­
tion profiles and good seismic-refraction data across such 
boundaries are sparse and do not offer unambiguous in­
terpretations. The data suggest many possibilities. Some 
involve the injection of dikes into continental crust; 
others, the presence of structural marginal highs. 

Let us now consider topographic relief of the continent 
and cx·ean at the onset of drifting. The results of DSDP Leg 
48 (:\tontadert et al., 1977) suggest that the continent­
oeean boundary west of Rockall Plateau may have been 
dose to sea level at the onset of spreading. In other areas, 
multichannel profiles across the continent-ocean bound­
ary show reflectors below the oceanic basement. These 
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reflectors may indicate layers of sediments interbedded 
with lavas (e.g., Walvis Ridge; Lofoten Basin ofT Norway). 
Although occasional marine invasions occur during the 
earlier phases of rifting, real oceanic conditions do not 
begin until after the rift-drift transition. Immediately fol­
lowing that transition, there may be a brief period of dry 
seafloor spreading; that is, a period of time during which, 
although oceanic crust is forming, the configuration of the 
hounding block is such that the ocean cannot flood the 
spreading zone (e.g., the Afar Depression of Ethiopia). 

An unconformity generally confined to the elevated 
horsts fonned during rifting often separates the "rifting 
sequence" from the "drifting sequence" (for example, see 
Figure 5.8). Some scientists relate this unconformity to 
the major change in thermal regime from conductive to 
convective. During rifting, the heat source remained 
fixed beneath the rift axis, but on initiation of spreading, it 
moved away relative to the continent-ocean boundary, 
allowing the passive margin to cool. It has been suggested 
that secondary heating and thermal expansion may pro­
duce a short period of uplift. The results from drilling in 
Bay of Biscay and ofT Rockall Plateau (\,lontadert et al., 
1977) show that no emergence occurred-that sub­
sidence began at the onset of spreading. The subsidence 
curves derived from the drilling results in these two areas 
are closely similar to each other. They fit empirical cool­
ing curves constructed for the spreading oceanic crust. 
This indkates that the subsidence is independent of both 
the structure and the initial elevation of the continent. 
One effect of the subsidence is to allow wider transgres­
sion of the margin-often. revealed as an unconfonnity 
with onlap separating the fimlted sequence from the mostly 
unfaulted postrift sequence. The DSDP data from the Bay 
of Biscay suggest that, as expected, such an unconformity 
may not be present across the whole margin if it was al­
ready deep at the onset of ~preading. Another important 
effec·t of subsidence is that the margin is gently tilted 
oceanward, reversing the drainage pattern. During the 
early spreading stage, fracture zone and aseismic ridgcs 
may strongly influence sedimentation. 

E. POSTRIFT EVOLUTION: DRIFTING 

Passive margins continue to drift until they are engulfed 
in subduction prO<:esst•s. Massive subsidence occurs dur­
ing the rifting, and se\'eral models have been proposed 
f(n the subsidence of passive margins. Broadly speaking, 
the "drifting secJuem·e" on passive continental margins is 
a ftmdion of age and a poorly understood interplay be­
tween subsidence, sedimentation. ocean circulation, and 
climate . Two types of margins are often contrasted: 
starved margins and mature margins. 

Starved margins have a thin, prograding cover. They 
may be young (e.g., :"'eogene) or old (c.g., Mesozoic). 
Typical examples are the west margin of Rockall Plateau 
and the Bay of Bisc·ay. So far, only starved margins have 
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FIGURE 5.8 Multichannel seismic reflection along a line across the western end of Georges Bank Basin . Half graben is buried beneath gently seaward-dipping sequence 
of sedimentary rocks (upper and middle acoustic units). (From Schlee et al ., 1976, and courtesy of the U.S. Geological Survey.) 
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FIGURE 5.9 New York-Delaware Baltimore Canyon Trough-Atlantic Margin. 

been drilled during IPOD-DSDP, because of the Glomar 
Challenger's limited drilling capabilities. 

An effect of subsidence is to bury deeply the first post­
rift sediments, as the margin is prograding in a seaward 
direction. On the starved margin of west Rockall, this 
progression can he seen in the form of a transition from a 
clastic shelf sequence to a pelagic-bathyal sequence. 

Mature margins are characterized by a thick (10 km) 
progmding wedge of shelf sediments, such as those on the 
U.S. Atlantic margin (Figures 5.9-5.13) and its conjugate 
margin off northwest Africa. These margins contain some 
of the thickest and probably most continuous sedimentary 
sections in the oceans. Together, the sedimentary strata of 
the shelf, slope, and rise provide a record of the sub­
sidence of the rifted basement and the adjoining oc-eanic 
crust. These strata may also provide dues to other 
phenomena, such as eustasy, worldwide climatic 
changes, and variations in ocean circulation, chemistry, 
and loc·al tectonic and sedimentary events. It is likely that 
near the shelf edge of many passive margins, the strata 
form a nearly continuous record of sedimentation from 
the earliest graben formation during rifting to the Pleis­
tocene. The truly marine part of the section hegins at the 
rift-drift transition. Evidence from borehole data (Sleep, 
1971; Watts and Ryan, 1976), rock dredges (Fox et al., 
1970), and deep submersibles (W. B. F. Ryan, Lamont­
Doherty Geological Observatory, personal communica­
tion) shows that, even at the shelf edge, there are deposits 
of shallow-water origin for nearly all strata-from the 
deepest to the shallowest layer. Tectonically, the shelf is 
usually relatively undisturbed. 

The lithology and volume of the sediments that com­
prise the postrift sequence on starved and mature margins 
dearly depend on paleoenvironment, climate, sea lt>vel, 
and the size and geology of the ("ontinental hinterland. 

Drilling results have provided some indication of the re­
lation between these factors. Present margins distort the 
largely wind-driven latitudinal surface-water circulation 
to produce eastern and western boundary currents and 
major divergences. These boundary currents separate the 
stable central water masses from the highly variable coast­
al water masses over the margin. Changes in basin-water 
circulation have profoundly influenced the sediment 
dynamics along continental margins and have produced 
large hiatuses in the record. For instance, in the northeast 
Atlantic, gaps in the Lower Miocene (found in Rockall, 
Biscay, and in the record at other localities) may he as­
sociated with overflow <(cross the Iceland- Faeroes 
Ridge. Fluctuations in the carbonate content of the sedi­
ments may be due to worldwide changes in the Calcite 
Compensation Depth (ceo). 

F. ON MODELING THE SUBSIDENCE OF 
PASSIVE MARGINS 

During their evolution, Atlantic-type continental margins 
are dominated by uplift and subsidence. The subsidence 
history of a margin is recorded in the sediments that ac­
cumulate soon after rifting and plate separation. Bio­
stratigraphic data from commercial boreholes show that 
continental shelves are composed of substantial thick­
nesses of shallow-water sediments, which indicates that 
significant subsidence has occurred at these margins. 

Walcott ( 1972) quantitatively modeled the contribution 
to margin subsidence made by loading sediments on the 
slope and rise regions. He used a simple model in which 
the lithosphere was represented by a thin elastic plate 
overlying a weak fluid layer. Assuming homogeneous 
elastic properties for the oceanic and continental plates, 

Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


86 DESCRIPTIO!'\ AND DEFINITIO:"J OF RESEARCH PROBLEMS 

SE NW 
_/FREE-All( GRAVITY ANOMALIES 

.. ···. EASTCOAST 
.. \/ ANOMALY 

IPOD/USGS LINE +200 

Ill 
~ 

~--~-7--~-+----~--------------------------------~0j 

BLAKE SPUR A~~~(. .... ·... ~ 
.··· 

··~·· ..... ~i;N£;~···........ ...... -2oo 

FIELD ANOMAL/ES25 KIL~ETERS 200 0 0 

.... 

150 

10 
VELOCITIES 

in km/sec. 
SHOT PT NO. 500 1000 1500 2000 2 0 

FIGURE5.11 

FIGURE 5.10 Composite geophysical profile along nearshore end ofiPOD/USGS line off Cape Hatteras . (After Grow and ~farkl, 19ii. 
and courtesy of the U.S. Geological Survey.) 

\Vakott showed that substantial thi<:knesses of sediments 
(up to 18 km) could accumulate . Although flexural models 
explain the shape and thicknesses of sediments on wide, 
Atlantic-type margins stu:h as deltas, they do not explain 
the characteristics of narrow margins, such as the U.S. 
East Coast. There are three main problems with flexural 
models. 

I. Atlantic-type margins are often characterized by nar­
rower shelf widths than those produced in the flexural 
models. 

2. The proportion of shallow-water to deepwater sedi­
ments in the flexural models is small (about 1:5) and does 
not explain the predominance of shallow-water sediments 
found in deep boreholes of the coastal plain and shelf 
regions of the Atlantic. 

3. The rate of bawment subsidence is dependent on 
the sedimentation rate in the flexural models and does not 
explain subsidence that occurs independently of sedi­
ment supply (lilT example, the Blake Plateau dnring the 
Tertiary) . Turcotte ef a/. (in press) recently extended the 
sediment-loading model to account fin· diflerent elasti<.· 
properties between the oceanic and continental platt•s 
and to allow fi>r the possibility of relative motion between 
them . Turcotte and his colleagues considerl·d the pos­
sibilities of sediment loading in slopt> and rist' regions as 
contributin· to shelf subsidence, as Walcott did. They 

also considNed sediment loading of decoupled o<.·eanil' 
and continental crust, allowing vertical relative motion In 
faulting. They concluded that a decoupled model mo~l 
satisfactorily explains the observed free-air gravity annm· 
aly profiles . 

Several scientists have considt•red other processes he­
sides sediment loading as being contributors to suh~i­
dence. :\lost models include processes that thin the l'fn't 
at a margin . \Vhen the cmst is thinned, the isostat1t 
equilibrium necessarily changes, and. as a result. tlw 
thinned crustal layers drop down, or subside. 

Sleep (1971) quantitath·dy examined how thermal up­
lift and erosion could cause crustal thinning and snl>­
sidem:e of the shelf. The subsidence rates inferred from 
deep commercial boreholes off the U.S. East Coa~t and 
Gulf Coast fit a .50 nl.y. decaying exponential, implyin)! .1 
thermally controlled mechanism fi>r shelf suhsidence. 
Recently, Sleep and Snell (1976) de,·eloped a thennall1 
controlled model in whic:h the viscoelastic behavior oftlw 
continental cmst was also considered. They did not eon· 
sider chang<.•s in the me<.·hanical properties across tht· 
ocean-continent boundary. Their nwdel showed that a 
decaying exponential rate, together with a \'isco<'lastic ft'· 
laxation of the lithosphere. could explain the stratigraph1 
of Atlantic-type coastal plain regions. 

Bott (1971) proposed an alternath·e to thermal upliti 
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FIGURE 5.11 Depth section and line-drawing interpretation of Figure 5.10. Section between SPN-700 and SPN-1200 has also been 
migrated. Internal velocities used for depth conversion were averaged every 5 km along horizontal bands separated by dotted lines. 
Velocity values down to 4-5 km between SPN-400 and SPN-700 and 6-7 km between SPN-900 and SPN-1200 are considered reliable. 
ZoRe between SPN-700 and SPN-900 has complex topography and a major unconformity resulting in less reliable velocities and some 
artificial undulations of horizons. (After Grow and Mark!, 1977, and courtesy of the U.S. Geological Survey.) 
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FIGURE 5.12 Depth section over inner continental rise (IPODIUSGS line ofT Cape Hatteras), showing 10-km-deep sediments lapping 
onto oceanic crust near SPN-1600. Reflectors A and 8 represent horizons A and Beta. (After Grow and Mark!, 1977, and courtesy of the 
U.S. Geological Survey.) 
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FIGURE 5.13 Blake Plateau. (Modified and redrawn from Sheridan and Osburn, 1975.) 

and erosion as the principal causes of crustal thinning. 
Bott and Dean ( 1972) used the finite-element modeling 
technique to study the stress system at an Atlantic-type 
margin. They proposed that hot creep in the lower crust 
takes place as a result of stress differences that arise from 
the geometry of the transition zone between continental 
and oceanic crust. They suggested that shelf subsidence 
is caused by seaward flow of the lower crustal material. 

Such studies have effectively outlined the problem of 
the cause of subsidence of Atlantic-type margins, but, 
without further research, a complete understanding can­
not be achieved. Some potentially useful approaches to 
the problem follow: 

l. Carefully analyze biostratigraphic data from deep 
commercial boreholes on the (•ontinental shelf for the in­
formation they contain of the subsidence history of 
Atlantic-type margins. We caution, however, that data 
from commercial boreholes have to he placed in a re­
gional context. Most wells are drilled on some local struc­
tural anomaly. At best, they help to date some reflectors. 
Subsidence is best studit.•d using continuous, dated hori­
zons that were deposited close to sea level before they 
subsided. Such horizons should he documented by reflec­
tion seismk sections. 

2. Study modern-day analogs of the earliest evolution­
ary stages of passive margins. There is a need to know 
more about the relative roles of phase changes in the 

upper mantle, ne,·king of the lithosphere, and grahl'n 
formation during the initial rifting stagt.•s. Studies of rili 
valleys, tht• crustal sh·ucture within young sedimenta)! 
basins, and studies at the margins of young ocean hasin~ 
(such as the Red Sea) are necessary to document the~t· 
initial conditions. 

3. Construct models to explain the subsidence histo)! 
in which the comhined effects of sediment loading and 
crustal thinning are quantitatively considered. 

G. ATLANTIC-TYPE TRANSFORM MARGINS 

The structural style and evolution of transfimn marl(ins 
differ from those of rifted margins in the following ways: 

l. The ocean-continent houndary is quite linear and b 

on the strike extension of an oceanic transform-fault sy~· 
tern. 

2. Several hasins on the continent side of the marl(in 
strike at high angles to the transfimn zone, suggeslin~ 
stress distribution characteristics for transcurrent faults. 

3. On occasion, the transf(mn zone fonns a marl(inal 
high (Masele, 1976). 

Otherwise, Atlantic-type tmnsfimn margins also displa~ 
a dear separation of a rift stage from a drift sta~e. Thr 
Grand Banks off(·r a fine example of this (Figure 5.141. 
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In general, little detail is known about these transf(>ml 
margins. The most important examples are the southeast 
margin of South Africa (Scrutton and Dingle, 1976) and its 
conjugate margin off the Malvinas Plateau; the Sierra 
Leone-Liberia-Ivory Coast margin (Delteil et al., 1976) 
and its possible conjugate offshore northeast Brazil 
(Kumar et al., 1976); the northeast slope of the Bahama 
Bank; the southwest side of the Grand Banks; and, possi· 
bly, the margin facing the Canadian Abyssal Plain of the 
Arctic Ocean (Heezen et al., 1975). 

As stated earlier, there is a possibility that passive mar­
gins may evolve from pre-existing marginal basins and 
transform-fault systems that intersect active margins. 

Re<:ent studies on the rift-transf(mn segmented pat· 
tems in young, spreading ocean basins and on active mar· 
gins have revealed interesting early changes in the 
shapes of the plate edges. The rift-transfonn systems in 
the Gulf of California (which has been opening for ap­
proximately 4 m.y.) and in the Andaman Sea (whi<:h has 
been opening for slightly more than 10 m.y.) show a ten· 
dency to simplify into simpler patterns with longer rift­
and-transform segments. 

Initial separation and rifting may <K·c·ur along irregular, 
older zones of weakness, with many short rift-and­
transfonn segments. As time passes, some segments he­
(.·ome inactive, while others extend in length to produce 
the broad, relatively simple patterns we see today in the 
\lid-Atlantic Ridge. In detail, theref(n·e, histories of the 
transfonn segments of passive margins mav he rather 
comple~. . 
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H. IGNEOUS ACTIVITY AS SOCIA TED WITH 
PASSIVE-MARGIN EVOLUTION 

Although magma generation O<..'Curs dominantly at plate 
margins, sufficient intraplate igneous activity that re· 
mains unexplained by plate tectonics exists to warrant 
more detailed study. Intraplate plutons and volcanics can 
have important implications in the evolution of passive 
margins. They may significantly affect the thermal history 
of the intruded sediments. They may form barriers for the 
dispersal of sediments (particularly turbidites) and 
change ocean-circulation patterns. Another problem in 
passive-margin evolution is the marginal "highs," in· 
ferred by some to be of igneous derivation in the early 
phase of drifting. 

In Atlantic-type margins, rifting is dominated by igne­
ous activity that is alkaline, tholeiitic, or bimodal. The 
best modem example is the rift system of Africa. The 
eastern rift shows dominantly alkaline volcanism since 
mid-Miocene (Baker et al., 1972). The volcanics are 
stratigraphically complex, derived from numerous fis· 
sures and multicenter eruptions intercalated with tllick 
accumulations of lavas and pyroclastics from central vol­
canoes. Alkali basalts, phonolites, trachytes, and rhyolites 
are common. This enormous alkaline volcanism may rep­
resent slow continental-crust distension with smaller· 
scale melting at greater deptlls (Baker et al., 1972). This 
example of rifting may not be typical of other passive 
margins. 

In the vicinity of the Red Sea, alkali basaltic eruptions 
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FIGURE 5.14 Newfoundland-Gmnd Banks: cross sedion. 20:1 exaggeration. (Modified from Bentley and Worzel 
(1956) and Amoco and Imperial (1973).) 
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FIGURE 5.15 Geological cross sections for the Gulf of Mexico, the Sverdmp Basin, and the Gulf of St. Lawrent-e. 

were widespread in the late Oligocene (southwest Saudi 
Arabia, Yemen, and Ethiopia). In the early Miocene, vol­
canic rift zones developed as a result of crustal thinning 
and warping, to he intmded by diabase dikes and other 
differentiates of subalkaline tholeiitic magmas. This was 
followed by Pliocene to Holocene eruptions of alkali 
basalts on a tilted rift zone (Coleman et al., 1975). Basalts 
(subalkaline tholeiites) drilled (DSDP Leg 23) in the Red 
Sea axial trough are probably contemporaneous with al­
kali basalts of the coastal plain (Coleman et al., 1975). 

In the Brazilian margin, magmatic activity is bimodal 

with extensive continental tholeiitic basalts and hi!!hl1 
alkaline shallow plutons. The late Jurassic to early Cre­
taceous pulse, probably synchronous with continental 
rifting, is dominantly basaltic, whereas the late Creta­
ceous to Tertiary episodes are dominantly alkaline (Cun­

pos et al., 1974). 
In the rift basins peripheml to the Atlantic margin of 

North America, late Triassic to early Jurassic tholeiitic 
diabases have been described (Am1strong and Besanton. 
1970). The bulk of the volcanics, as well as thl' 
continental-oceanic basement transition, is obscured by 

Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


several kilometers of sediments and are beyond the reso­
lution of seismic data. The early igneous history of most 
Atlantic-type margins remains enigmatic. 

As seafloor spreading continues, the locus of igneous 
activity remains mainly along the midoceanic ridges, with 
extrusion of low-K tholeiitic basalt progressively farther 
away from the continental margin. The DSDP and recent 
IPOD Legs (46, 51-53) have increased our knowledge of 
the petrology, geochemistry, and geophysics of oceanic 
crust. These represent some of the first significant direct 
studies of oceanic layer-2. 

:\1agmatic activity is not exclusively confined to spread­
ing centers of divergent margins but persists on the conti­
nent and in ocean basins. Although separation of North 
America from Africa began around 180 m.y. B.P. (Early 
Jurassic:), igneous activity has persisted in the White 
:\fountains of New England into the late Cretaceous 
(Zartman, 1977; Foland et al. , 1971; Armstrong and 
Stump, 1971). The New England seamount chain, farther 
offshore, was also active into the late Cretaceous (R. L. 
Houghton, Woods Hole Oceanographk- Institution, per­
sonal communication), and episodes of igneous activity 
are recognized onshore and offshore (Oligo-Miocene 
Bermuda volcanics) through the Tertiary. From the 
meager evidence available, much of the intraplate igne­
ous activity is alkalic, with alkalic granites being the dom­
inant rock type of the White Mountain magma series, al­
kali basalts being typical of the seamount chain. 

The origin of linear seamount chains is the subject of 
considerable debate. Several views are proposed for the 
New England seamount chain. One suggests motion of 
the North American plate over fixed mantle hot spots 
(Morgan, 1973; Coney, 1971; Vogt, 1973). Another pro­
poses that the seamounts erupted along a seaward exten­
sion of a Paleozoic or older structural lineament in the 
Appalachians (Drake et al., 1959; Uchupi et al., 1970). 
LePichon and Fox (1971) believe the seamounts erupted 
along an early transform fault. Sbar and Sykes ( 1973) show 
a zone of seismicity along an "extension" of the seamount 
chain into New England and Canada along the White 
Mountain magma trends, leading some to believe that the 
magmatism represents a continental extension of the 
seamount chain. 

DSDP Leg 43 drilled the flanks of the Vogel and 
:\ashville seamounts. Oldest sediments recovered above 
the volcanodastic apron showed Coniacian age, and a 
K-Ar date of basaltic clasts in the breccia agrees with 
these dates for the eastern seamounts mentioned above. 
But data are insufficient to warrant a meaningful interpre­
tation of the origin of the seamount chain or the oceanic 
basement associated with it. Deep drilling through the 
seamount into oceanic basement would be helpful to un­
ravel the genesis, stratigraphy, and subsidence history of 
the seamounts. 

More radiometric dating of the intraplate magmatic ac­
tivity is necessary to corre late these stre sses with inte rac­
tion at plate margins. Change in the direction of plate 
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motion, initiation of rifting or drifting, and/or migration 
over "hot spots" may be the cause of some of these intra­
plate stresses and magmatism. 

I. THE GULF OF MEXICO ENIGMA 

A few basins in the passive margin family do not face a 
spreading ridge. They do not fit easily into the descrip­
tion of passive margins, yet, they have a similar basin 
evolution. They are (Figure 5.15) the Gulf of Mexico; the 
Gulf of St. Lawrence; and, in a sense, the Sverdrup Basin 
in the Canadian Arctic Islands. The latter basin is mostly 
on land and was deformed during the Tertiary. These 
basins share a common ancestry: they were initiated by 
early rifting in Upper Paleozoic times, and they are all 
located within the worldwide Paleozoic fold belts. 

Bally (1975, 1976) suggested that these deviant basins 
originated as backarc basins associated with continental 
collisions (e.g., Western Mediterranean and Pannonian 
Basin of Hungary). 

Characteristically, these basins contain very thick 
evaporitic seque nces, suggesting that they were isolated 
from the main oceans and thus had a chance to dry up. 
Thick clastic and carbonate sequences indicate massive 
subsidence. Structural deformation styles are dominated 
by gravity tectonics (i.e., salt or shale diapirs and exten­
sive systems of listric normal growth faults). 

J. SOME SPECIAL PROBLEMS CONCERNING 
PASSIVE MARGINS 

THE OCEAN-CONTINENT TRANSITION 

Definitive descriptions of the boundary zone between 
rifted continental crust and oceanic crust still elude us. 
Numerous alternative interpretations of the available data 
can be made. Some of these are shown in Figure 5.16. 
Keen et al. ( 1975), using data from seismic-refraction lines 
both parallel and perpendic ular to the rise off Nova 
Scotia, have shown that the transition structure occurred 
near the magnetic slope anomaly. That anomaly could be 
explained by a magnetization contrast between oceanic 
and continental crust (edge effect). The width of the tran­
sition zone is 50 km. The same transition occurs at the 
transfonn boundary south of Grand Banks, but off Nova 
Scotia, it is 30 km wide. 

At the South Australian margin, the re is a magnetically 
quiet zone 100-300 km wide that extends from Anomaly 
22 north to beneath the rise . On the basis of seismic­
refraction data obtained from long-range sonobuoys, Mut­
ter (in press) interpreted this quiet zone to he transitional 
crust. He believes that the real ocean-continent transi­
tion lies at the seaward edge of that zone. On the other 
hand, Ryan (Lamont-Doherty Geological Observatory, 
personal communication) believes that the quiet zone 
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may he symptomatic of "dry" seafloor spreading. 
Rabinowitz (Lamont-Doherty Geological Observatory, 
personal communication) believes that the magnetic and 
gravity anomalies that lie on the landward side of the 
quiet zone near the slope and shelf edge provide a better 
definition of the continental margin. Much more work is 
needed to properly define the ocean-continent crustal 
transition zone. Its charader may difler from margin to 
margin; moreover, it may vary along any particular mar­
gin. 

One puzzling observation of the U.S. East Coast is that 
the shelf-edge gravity anomaly is not always coincident 
with the magnetic slope anomaly (Rabinowitz, 1974; 
Rabinowitz et al., 1975; Schlee et al., 1976). The shelf­
edge gravity anomaly here, as well as along the margins of 
the South Atlantic and of South Australia, cannot be ex­
plained as a simple edge-effect phenomenon. Its explana­
tion requires the presence of uncompensated high­
density material either as intrabasement slivers or as a 
basement ridge . Seismic-refraction data (Drake et al., 
1959) and common-depth-point (COP) reflection data 
(Schlee et al., 1976) suggest the presence of a high-
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FIGURE 5.16 Alternative models for passive-margin ocean­
continent boundary. (Courtesy of R. Sheridan, University of Del­
aware.) 

density ridge near the shelf edge of the U.S. East Coast. 
Whether this ridge is tmly basement or volcanic material 
(Drake et al., 1959; Rabinowitz, 1974) or whether it is 
basement material capped with a thick reefal complex 
(Sheridan, 1974) is not known. Knowing the origin of this 
ridge is important, since it probably will provide impor· 
tant clues to the rift-drift process. 

A few available COP lines traverse the shelf-edge, 
slope-rise area off the eastern United States. A few similar 
lines may he available ofT Australia, What is needed at a 
number of passive margins is a suite of COP lines perpen­
dicular to the bathymetric contours. These should he 
supplemented with seismic-refradion lines employinl! 
two ships, sonobuoys, ocean-bottom seismometers, and 
multichannel sensing arrays. The lines should cover the 
entire region from the shelf just landward of the shelf· 
edge gravity anomaly to a point sufficiently down the rise 
that oceanic crust may be identified unambiguously. 
These data should be tied to COP and refraction lines that 
are parallel to the bathymetry. Supplementary ).tmvity and 
magnetics data, also alon).t lines perpendicular to the 
bathymetry, are necessary in order to interpret basement 
stmdure and composition. 

Many investigators have limited their vision of dif­
ferences between oceanic and continental structures to 
the crust. Differences presumably also occur in the upper 
mantle. Any evolutionary model of a continental margin 
should include at least that part of the upper mantle that 
lies within a plate. Differences in seismic shear-wave\'£'· 
locities between the oceanic and continental portions of 
the mantle extending to at least 400 km have been re· 
ported. Other differences, such as plate thickness, den· 
sity, and viscosity, may also occur. We need to know 
whether the changes in physical properties are gradual m 
abrupt and, if gradual, how the differences relate to the 
age of the plate. 

Studies should be undertaken of the deep structure of a 
major transfonn margin, such as that south of the Gmnd 
Banks, where the lithosphere presumably was once de­
coupled. Here, one might expect to find the simplest situ· 
ation without the possible complications of attenuated 
continental material or a wide ocean-continent tnmsition 
zone. 

DRILLING TilE OCEAN-CONTINENT TRANSITION 

It is of critical importance that deep boreholes be drilled 
at carefully selected sites on the slope and rise. These 
boreholes should be drilled as deeply into the section as 
possible. Maximum sampling and a complete well· 
logging program should be made an indispensable part of 
any drilling project. These borehole data are necessary to 
tie geology to the geophysical data and to untangle the 
history of subsidence. Geophysical data, taken at a suite 
of margins of various ages and at conjugate margins, are 
necessary for (1) determining the oceanic-continent tr.m· 
sition at various margins, and hence, learning about the 
rift-drift transition process; (2) detennining stratigraphic 
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and lithofacies relationships between the shelf, slope, 
and rise areas; (3) further defining the problem of the 
uncompensated mass excess necessary to explain the 
shelf-edge gravity anomaly; and (4) determining the de­
tailed history of subsidence of the slope and rise area. 

TECTONIC IUSTOBY AND S'nLES OF DEFORMATION 

(a) Block Faulting: Modern multichannel seismic­
reflection sections commonly reveal substantial block 
faulting underlying a relatively undisturbed sedimentary 
package. The formation of fault blocks is presumed to be 
associated with the early rifting. In detail, the shape of the 
faults is not clear, and the subsidence history of the inter­
vening grabens differs from place to place. Although of 
great structural and economic interest, these problems are 
at this time considered to be subordinate to the problems 
previously mentioned under "the ocean-continent tran­
sition" and "drilling the ocean-continent transition," but 
information obtained in the course of pursuing the top­
priority objectives could significantly contribute to solv­
ing problems related to block faulting. 

(b) Transform-Fault Margins: Structural style and 
evolution of transform margins have been described from 
the Grand Banks area, the east-west-trending portion of 
the Gulf of Guinea, and the southeast shelf of South Af­
rica. but more detailed surveys are needed to properly 
describe the structural style of transform margins. 

(c) Diapirism: Diapiric ridges, anticlines, and domes 
dominate the structure of some margins. A diapir is a fold 
or structure, the plastic, mobile core of which ruptures its 
overlying rocks. Some diapirs result from salt flowage; 
others from flowage of overpressured shales and 
mudstones. Diapirs are almost always exploration targets, 
because hydrocarbons are likely to accumulate near them. 
The nature and stratigraphic age of the mobile cores of 
diapirs are unknown. 

(d) Gravity Sliding: Mass movements of sediments and 
sedimentary rocks are common on continental margins. 
Stability of sedimentary accumulations on a continental 
slope is a function of slope gradient, sediment type, rate 
of accumulation, and tectonic or oceanographic distur­
bance. Deepwater drilling, marine geological survey 
work, geophysical data, and surface mapping of ancient 
equivalents have shown that displaced sediments are 
common in outer-continental-margin deposits. 

Major deltaic shelves, such as the Gulf of Mexico (Fig­
ure 5.15) and the Niger Delta (Delteil et al., 1976), are 
underlain and deformed by complex systems of 
seaward-dipping faults. Whether or not these systems 
<.-oalesce into a single, deep sole-fault is unknown, al­
though seismic data suggest that they do. To resolve the 
problem will require deep drilling. It would be remark­
able if the bulk of the shelf and the slope of one or more of 
these margins has slid a significant distance out to sea! 
They would represent the most gigantic landslides on 
earth. 
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QUESTIONS AND PROBLEMS CONCERNING CONTINENTAL 

FRAGMENTS 

Orphan Knoll, in the Labrador Sea, lies at a depth of 1800 
m and is separated from the continental shelf by a 200-
km-wide, approximately ~m-deep basin. By contrast, 
Flemish Cap is 200 m deep, and Flemish Pass (50 km 
wide and 1000 m deep) separates Flemish Cap from the 
shelf. There is evidence that both the Knoll and the Cap 
were once part of the North American continent but were 
separated from it during initial rifting. Many questions 
can be posed concerning these fragments, the gaps be­
tween them, and the continent proper. Note also that 
these are the same areas that provide problems in fitting 
conjugate margins. 

(a) Why do the fragments occur in some places and not 
in others? Many fragments (Orphan Knoll, Flemish Cap, 
Rockall Bank, South Tasman Rise) seem to be located 
near areas where seafloor spreading changed direction 
and where initial rifting was propagating with time along 
the line between continental masses. For example, the 
margins are younger as one progresses from the Grand 
Banks north to Baffin Bay. A systematic study of the dis­
tribution of fragments with respect to nearby plate mo­
tions might enable us to figure out their origin. 

(b) What is the crustal structure beneath continental 
fragments? Is it, indeed, continental? Two continental 
fragments-Rockall Bank and the Seychelles-where 
crustal refraction data are available (Scrutton and Dingle, 
1976) indicate the presence of a high-velocity crustal 
layer (about 7.0 km/sec) immediately above the Moho. Is 
this typical of <.-ontinental fragments? If so, why? 

(c) Were the spaces between the fragments and the 
shelves once sites of incipient spreading centers? Are the 
widths of the gaps related to the amount of attenuation or 
stretching of continental crust? Could stretching also 
have been active at continental margins, as van der Lin­
den (1975) suggested for the Labrador Sea? Alternatively, 
are some of these fragments surrounded by oceanic crust, 
as appears to be the case for the Lomonosov Ridge? Pro­
cesses that separated the fragments from the continents 
and caused a particular crustal structure to develop may 
be similar to those initially active along most passive con­
tinental margins. 

THERMAL HISTORY OF PASSIVE MABCINS 

In order to understand the subsiden<.-e of passive margins, 
it is necessary to understand their thermal history. To 
deduce the thermal history of oc-eanic areas, heat flow 
through the ocean bottom is usually <.-omputed by measur­
ing the temperature gradient or the variation in tempera­
ture with depth in the upper several meters of the sedi­
ment column. These techniques may not be the best 
method with which to measure heat flow on the shelf and 
slope. The problem in these shallow-water areas is that 
the bottom-water temperature is very unstable. As a con­
sequence, standard thermal gradient measurements are 
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often not repeatable, and, hence, often not reliable (see 
the comments about heat-flow measurements in Chapter 
11). Also, even if reliable data were available, the extreme 
variations in sediment types and lithologies with depth 
lead to ambiguous interpretations. One approach to this 
problem is to log continuous downhole temperatures in 
deep boreholes as well as logging appropriate bulk prop­
erties of the sedimentary strata. In addition, geochemical 
techniques being developed may be applied to drill sam­
ples to learn about the thermal history of buried strata. 

PROBLEMS RELATED TO GENESIS AND EVOLUTION OF 

SEDIMENTARY SEQUENCES 

(a) Continental Hinterland and Climate: Continental 
margins act as pathways to the ocean floor for terrigenous 
material that is delivered as particles or dissolved from 
the continental hinterland. The quantitative and qualita­
tive composition of this terrigenous input is controlled by 
the geology of the continental hinterland, by the climatic 
processes above it, and by the size and configuration of 
the drainage basins that supply the terrigenous material 
to the continental edge. In terms of climatic systems, the 
following end-members need to be studied: (1) polar­
subpolar, (2) transitional-temperate, (3) dry-subtropical, 
and (4) humid-tropical. This climatic zonation also con­
trols the amount and composition of organic material 
swept from the land into the sea. 

(b) Oldest Clastic and Volcanic Deposits: The clastic 
and/or volcanic rocks, thought to be the oldest materials 
deposited in the rifts, never have been drilled or sampled 
in a major ocean. They are too deeply buried and their 
regional distribution is restricted to narrow strips along 
the feet of passive margins. However, these deposits are 
present in recent rifts that have not yet developed into 
marine basins. Such early deposits can also be found in 
fossil grabens that failed before they could expand 
enough to contain an ocean basin. Volcanics underlying 
the halites of the Red Sea probably represent this stage 
(Lowell and Genik, 1972). 

(c) Early and Later Restricted Marine Paleoenviron­
ments: Though the clastic material that must fill the ear­
liest rift has never been sampled, young passive continen­
tal margins often preserve records of the early restricted 
marine environments of the small ocean basins they sur­
round. The narrow Mesozoic South Atlantic Ocean and 
Cenozoic Red Sea represent typical oceanic depositional 
settings of halite formation (as opposed to Mediterranean 
or continental basinlike situations). These salt deposits 
are frequently accompanied by sediments that reflect 
anoxic conditions. The origin of the organic matter in 
these sediments is not well understood. Such sediments 
are observed in the mid-Cretaceous South Atlantic and 
Pacific oceans. The distribution pattern of sediments that 
preserve an unusually high concentration of organic car­
bon along passive continental margins is virtually un­
known. In several regions, the deposition of such sedi­
ments in the ocean basin was accompanied hy the ac-

cumulation of large volumes of platform carbonates in 
shallow portions of the continental margin. The relation­
ship of these diverse facies in space and time remains to 
be unraveled. 

(d) Ocean Surface-Water Circulation: Once the ocean 
basins have matured, continental margins often distort 
the largely latitudinal surface-water circulation. Distor­
tion of the wind-driven latitudinal surface-water circula­
tion results in the western and eastern boundary currents 
along the continental edge. Distortion also results in 
major divergences that represent the most unstable and 
sensitive components of the oceanic surface-water circu­
lation. Boundary currents separate stable, stratified, cen· 
tral water masses of the ocean from highly variable, turbu­
lent coastal water masses over the inner part of the conti­
nental margin. In addition, continental margins provide 
possibilities for understanding the development of the 
pelagic paleoenvironment-an understanding that can­
not be obtained in the central parts of the oceans them­
selves. (Microfauna cannot be found on a seafloor that did 
not previously exist! Also, calcareous tests dissolve at the 
deeper depths before they can reach the seafloor.) 

(e) Carbonate Platjom1s: Specific paleooceanographic 
settings controlled the formation of the important carbon­
ate platforms along passive continental margins. Carbon­
ates were restricted to the relatively warm surface (and 
hence, shallow) water masses of the tropical-subtropical 
Late Mesozoic and Cenozoic climatic belts. These thick 
carbonate platforms are particularly interesting, because 
their upper surface must have stayed close to the sea sur­
face as long as they continued to be built up. Therefore, 
their bulk accumulation rates monitor the past and pres­
ent subsidence of continental margins in great detail. 

(f) Oceanic Water Column: Transects of drill sites 
across passive margins provide insight into the vertical 
structure of the oceanic water column through time, be­
cause intermediate and deep oceanic water masses im­
pinge now and in the past upon the rise and slope of the 
continents. We have no solid evidence for the mode of 
deepwater movement in the preglacial Mesozoic and 
Cenozoic oceans. We do know that, since the middle of 
the Tertiary, these water masses have been downwelled 
in the "glacial" polar regions near continents (the only 
accessible example to drilling is in the Norwegian­
Greenland Seas). 

(g) Hiatuses and Eustatic Sea-Level Fluctuations: The 
good correlation of the Late Mesozoic and Cenozoic Cal­
cite Compensation Depth (CCD) with the sequence of eu­
static sea-level fluctuations over the inner part of the con­
tinental margins proves that the oceanic deep was closely 
linked to the shallow margin paleoenvironment. Hiatuses 
in the stratigraphic record from passive margins mark 
oceanographic events that prevented sediment accumula­
tion for a certain time or that removed portions of the 
sediment column. Indicators for transgressions and re­
gressions have been traced on seismic records across 
many continental margins (see Chapter 4). The iso­
chroneity and global occurrence of such indicators have 
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led to the hypothesis that they were caused by eustatic 
sea-level fluctuations, which, in tum, may reflect major 
changes of seafloor-spreading rates and/or global tectonic 
events other than the pulsations of the Late Cenozoic gla­
cial ice sheets. 

(h) Continental Margin Sediment Cover Due to Late 
Cenozoic Glacial Events versus "Typical" Sections: In 
the youngest geological period, abnormal glacial events 
occurred that greatly impacted the paleoclimate and 
paleooceanography of this world. There were frequent 
eustatic and isostatic sea-level fluctuations caused by the 
waxing and waning of large glacial ice shields. Those var­
iations of sea level distorted the distribution of shallow­
and deepwater sediment facies along the passive margins. 
Now-20,000 years after the last glacial maximum-large 
portions of the continental shelves are still covered by 
glacial relict sediments. It is not clear when or how the 
continental margins will return to their nonglacial (basi­
cally pre-Quaternary) facies distribution. 

Rates of pre-Quaternary transgressions and regressions 
were probably slower than those during the Quaternary. 
Since the transgression and regression rates were so dif­
ferent in the Quaternary, it is necessary to compare and 
contrast the more typical, earlier sequences deposited 
during a glacial-eustatic regime. Systematic coring of 
shelf margins will give us a chance to make these com­
parisons and to evolve a new "global stratigraphy." 

EXI'LO\UNC CARBONATE PASSIVE MARGINS W1TI1 
SUBMERSIBLES 

So far in the discussion, a basic assumption is made that 
the most fruitful way to calculate subsidence rates is to 
measure sedimentation rates. Borehole and multichannel 
seismic-reflection data are used to compute strata thick­
nesses. Corrections must be made for compaction (see 
Hamilton, 1976). Further, it must be assumed that the 
water depth of the original depositional setting can be 
quantitatively determined (changes in sediment thick­
ness plus change in water depth). (See Van Hinte, 1978.) 
However, techniques using assemblages of benthic or­
ganisms for determining water depth in slope or basinal 
settings may have errors of 0.5 km or more. 

A most promising approach is to investigate strati­
graphic successions in carbonate banks, where (1) water 
depths were consistently in the photic zone, and (2) the 
carbonate has lithified more as a result of intergranular 
cementation than by compaction, so that volume changes 
are relatively minor and can be corrected for by using 
standard petrographic techniques. However, drilling in 
carbonate banks, such as that of the Bahamas (Andros 
well), has not provided adequately well-preserved fossil 
material . The paucity of such fossil material is because 
the present subaerial parts of the Bahamas correspond, in 
the subsurface, to deep environments that were heavily 
dolomitized or otherwise disturbed by diagenetic pro­
cesses. 
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Recent deep (down to 3700 m) sampling of the seaward 
escarpments of Cat Island east of Andros by Heezen and 
Ryan (Lamont-Doherty Geological Observatory, personal 
communication), using the deep-submersible, Alvin, 
showed a practically continuous outcropping below 1900 
m of horizontally bedded limestones. When examined, 
these rocks were found to contain highly fossiliferous ma­
terial for a shallow fore-reef environment. No appreciable 
diagenetic disturbance was evident, except for man­
ganese encrustations about 1-20 mm thick, and some or­
ganic borings. Heezen and Ryan discovered that photo 
reconnaissance of the escarpment front can provide a 
highly detailed profile of the rock column. Such a profile 
will record the bedding thicknesses, degree of relative 
induration, and the presence of such primary features as 
teepee structures and wavy stromatolitic lamination. 
Photo reconnaissance can also detect fossil shales and 
modular marlstones. Heezen and Ryan had no appreci­
able difficulty using the Alvin's manipulator arm to get 
samples of up to 5 kg in situ from within the cliff face . 

K. RECOMMENDATIONS 

1. We recommend an integrated study of the structural 
and stratigraphic evolution of selected pauive-margin 
transects. These should include the following: 

• Young margins, such as the Red Sea and the Gulf of 
California; 

• Young margins that were drowned in sediments, e.g., 
the Northern Gulf of·califomia; 

• Old starved margins and related microcontinents, such 
as the Galicia Plateau, Bay of Biscay, Rockall Plateau, 
Orphan Knoll, and the Seychelles; 

• Old mature margins, such as the U.S. East Coast, 
Canada, Northwest Africa, and the Gulf of Mexico, in­
cluding at least one carbonate margin (e.g., Florida­
Bahama) and one clastic margin (e.g., Delaware Basin); 
and 

• One or more transform margins, e.g., southwest Grand 
Banks. 

We envisage the following general strategy: 

• Compile previous work; continue reconnaissance on 
land and sea, with emphasis on multichannel seismic 
data and long refraction lines; 

• Narrow down to regional studies on land and sea; 
• Concentrate on one or more typical transects, using all 

geophysical tools available, and only after high-quality 
geophysical surveys are done; and 

• Complete the study with a deep-drilling program, 
using current drilling capabilities on shelves and even­
tually deep riser-drilling (Glomar Explorer) for slopes 
and rises. 

In planning, an attempt should be made, if the science 

Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


96 DESCRIPTION AND DEFINITION OF RESEARCH PROBLEMS 

justifies it, to tie the traverse into related programs such as 
the old Transcontinental Geophysical Traverse Program, 
the Transatlantic Geotraverse (TAG) program, and the 
long-range Consortium for Continental Reflection Profil­
ing (COCORP) plan for a U.S. traverse . 

2. We recommend that a systematic geophysical­
geological study of the transition between ocean and 
continent be made. Such a study would search for an 
adequate description of the boundary zone, based on CDP 
seismic-refraction work and other geophysical mea­
surements. In addition to this, bedrock mapping using 
submersibles would help to calibrate some of the seismic 
data. 

This program is separated from the previous program 
because, at this time, this transition has to be studied on a 
worldwide has is in order to gain perspective on the varia­
tions of the theme. Surveys of the different margin types 
described in the first recommendation would have to be 
made in order to help to select drilling sites. 

3. We recommend that every effort be made to obtain 
reliable temperature data from dt!ep boreholes. These 
should he complementt•d hy measurements of the rot'k 
properties (e.g., conductivity, velocity) of the strata pene­
trated. 

4. Earthquakes do occur on passive margins. We rec­
ommend that a comprehensive study of tlte seismicity on 
passive margins be undertaken. SU<:h a study may lead to 
a better understanding of the dynamics of passive mar­
gins. 

5. We recommend a systematic study of the 
geochemistry of igneous rocks occurring on passive mar­
gins. These rocks provide valuable information on deep 
processes that occur during the formation of passive mar­
gins. 
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6 

A. INTRODUCTION 

Cratonic 
Margins 

Cratonic basins are located on cratons, on older continen­
tal crust. Cratons (sometimes referred to as shields or plat­
forms) are the stable, usually central, regions of conti­
nents. Marine geologists are strangely aloof when ap­
proached on the subject of cratonic basins, even though so 
many such basins are today under the sea. (Figure 6.1 
shows submerged cratonic basins together with their land 
cousins.) Hudson Bay (Figure 2.6), the South Arctic Ba­
sin, the Grand Banks Basin, the Jones- Lancaster, and the 
Foxe Basin-all in northern Canada-the Barents Sea, 
the Baltic Sea, and the North Sea (with its oil and gas 
riches) are basins still under water. 

Cratonic basins on land are mostly well exposed on the 
continental portions of the lithosphere and, because of 
their hydrocarbon potential, they have been avidly 
studied. Consequently, for these basins, a wealth of in­
formation is available. 

Basins on cratons may be essentially undeformed. 
Metamorphism may be restricted to changes that accom­
pany burial of up to 5 km, to the subgreenschist facies. 
These basins record vertical movements of the continen­
tal interiors of lithospheric plates and are potential 
sources of information about the rheological properties of 
the lithosphere and asthenosphere. In principle, they 
might yield this information for extended periods of time, 
since they developed throughout the Phanerozoic, unlike 

99 

the undeformed continental margins, which are wholly 
Mesozoic and Tertiary in age. Cratonic basins also act as 
"tidemarks"; they record the elevation of continental 
masses in relation to sea level, again, as a function of 
extended periods of time. 

B. CRATON CENTERS: THEIR 
CHARACTERISTICS 

Cratonic basins formed in regions that were relatively 
"positive," and their sedimentary thicknesses are thin by 
comparison with other sedimentary basins, for example: 
Hudson subbasin, 2500 m; Moose River, 600 m; Willis­
ton, 3500 m. Stable margins may have as much as 15,000 
m of sediments. Basins or subbasins are separated from 
each other by epeirogenic arches, over which there may 
once have been thin sediments, now largely eroded away. 
Many craton-centered basins formed in the Paleozoic. For 
example, sediments in Hudson Bay range in age from 
Ordovician to Pennsylvanian. Some, such as the Williston 
and others lying east of the Cordillera, may have 
Mesozoic sediments as a "second-cycle" cover (often 
called "exogeosynclines" or "foredeeps"), such sedi­
ments having been derived from the adjacent rising 
mountain ranges. Others (e.g., the Moose River Basin 
Cretaceous) may have later continental sediments. The 
basins are subcircular in plan, have a symmetrical cross 

Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


100 DESCRIPTION AND DEFINITION OF RESEARCH PROBLEMS 

section, and are structurally undeformed. The sediments 
characteristically contain basal clastics, succeeded by 
shallow-water carbonates, evaporites, and only minor 
clastics. 

It is necessary to explain (1) the initiation of a depres­
sion; (2) the continual subsidence, with the basin being 
filled by sediment almost the entire time; (3) the apparent 
decrease in size of each basin over time, with the centers 
being occupied by younger rocks; and (4) the time scale 
for a basin's development (about 100 million to 200 mil­
lion years). 

• Haxby et al. (1976) modeled the initiating mecha­
nism as a disk-shaped load applied at an instant of time in 
an elastic-not viscoelastic-lithosphere. Sediments 
were used in his model only to provide a restoring 
buoyancy force. 

• Beaumont (1978), taking the problem a step further, 
investigated the response of a viscoelastic lithosphere 
overlying an inviscid asthenosphere, in whi<:h the load 
(caused by sediments following initiation) changes both 
areally and temporally as the basin changes. Beaumont 

showed that the kind of basin that develops depends on 
the time and spatial constants of the initiating mecha­
nism; and he derived those constants for isostatic adjust­
ment. Hudson Bay Basin, in parti<:ular, is a relatively shal· 
low basin that exhibits the expected characteristics of 
thermal uplift and contraction as an initiating mechanism 
and that exhibits loading (by sediments) on a viscoelastic 
half-space. A basin that develops in this manner will 
deepen with time because of the initiating mechanism 
and loading. A peripheral bulge develops as a result of the 
load, and the bulge, itself, migrates inward. 

C. THEORETICAL DEVELOPMENT 

The shallow-water facies of the sediments indicate that 
we do not merely have a deep hole filled up with sedi­
ments (unlike the O<:ean basins, which are, on a grand 
scale, holes not yet filled up with sediments). We need (1) 
an initiating mechanism, creating a depression, which 
will have its own time scale for development and de<:ay 

\ 

- CRATONIC BASINS 

D Cl-Ml C-MEGASUTURE 

FIGURE 6.1 Cratonic basins of the world. 
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and (2) the response of the earth to the subsequent load­
ing by sediments that fill the basin as it develops. 

1. Several initiating mechanisms can be proposed: 

• Thermal uplift (followed by erosion and thermal con­
traction) 

• Graben formation (with subsequent isostatic adjust­
ment) 

• Intrusion of dense material into the lithosphere (mantle 
diapirs) or, the equivalent in effect, "necking" of the 
lithosphere 

• Phase changes to more dense materials at depth 
• Downwelling "plumes" 

Rifting and spreading leads, as we know, to ocean basins 
and sedimentary loads on continental margins. The his­
tory of basin formation after initiation can be modeled by 
continuous sediment filling, which, of itself, changes the 
size of the basin and makes room for more sediment. 

2. With regard to the subsidence mechanism for 
cratonic basins, Sleep and Snell (1976) assumed that the 
decay of a thermal "event" dominated-that the effect of 
sedimentary fill merely changed the isostatic response. 
But thermal events decay exponentially, with time con­
stants in the vicinity of 50 million years, and subsidence 
in the Sverdrup Basin (for example) is not exponential; it 
lasted 2oo million years (Pennsylvanian to Tertiary). 
However, whether or not the Sverdrup Basin is, in fact, a 
cratonic basin is still a matter of debate. (See "The Gulf of 
Mexico Enigma" in Chapter 5.) 

D. FUTURE WORK 

In the near future, work on cratonic basins will be con­
<.-emed primarily with proper analyses of available data, 
theoretical work, and the properties of the underlying 
crust. 

Data analysis will involve investigating basins of dif­
ferent sizes on different cratons to see how their dimen­
sions and sedimentary loads changed with time. Gravity 
anomalies, corrected for sedimentary fill, will reveal what 
anomalous mass, if any, exists beneath a basin. Theoreti­
cal studies may produce self-consistent sets of values for 
the rheological properties of the lithosphere, information 
as to whether these differ from craton to craton or change 
with time, and if the development of a craton in one loca­
tion affects craton development in others. Topographic 
effects of a developing basin are widespread and by no 
means restricted to its immediate area. 

Most of all, evidence on the initiating mechanisms 
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needs to be gathered. Even if we understood the isostatic 
adjustment process, dynamic modeling is nearly useless if 
we do not know how things get started. Clues about the 
initiating mechanism will be found in the basement and 
crust beneath the basin. For example, do the anomalously 
high-velocity zones found at the base of the crust beneath 
the Sverdrup and other basins constitute evidence of 
phase change-or are they intrusives of the kind pos­
tulated by Haxby et al. (1976)? Seismic refraction will 
show whether such zones are ubiquitous. If there is no 
evidence of an erosional interval before the onset of sub­
sidence, the thermal expansion-erosion-cooling process 
that Sleep and Snell adopted would be wrong. Basins 
floored by crustal sections (such as that beneath the Rhine 
Graben) would reinforce arguments that basins develop 
when grabens fail to rift. Again, only carefully chosen and 
carefully processed multichannel seismic records will re­
veal the presence or absence of a "rifting" phase in the 
bottoms of cratonic basins. 
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7 
Continental Margins 
of the 
Arctic Ocean 

A. INTRODUCTION 

The importance of Arctic margins is put into perspective 
as Geer (1975) reviews the distribution of U.S. continen­
tal mar~ins from the shoreline out to a water depth of 2500 
m: 421,000,000 acres (47 percent) lie adjacent to the con­
terminous United States and the south coast of Alaska. 
469,000,000 acres (53 percent) are located north of the 
Alaskan Peninsula. The economic potential of the sub­
marine Arctic: margins is virtually unknown. Plans for re­
source exploration and exploitation have to be preceded 
by studies of and based on an understanding of the 
offshore geology and the environment of these areas. A 
large part of the U.S. Arctic margin falls into the active 
margins, but the margin facing the Arctic Ocean is be­
lieved, in essence, to be a passive margin . In the past two 
decades, Canadians have made a considerable effort to 
explore this margin in the Beaufort Sea and near the Arc­
tic Islands. Their experience is valuable. 

Scientific problems that relate to the continental mar­
gins bordering the Arctic Ocean must be assessed dif­
ferently from those of other continental margins. So little 
is known of the area, and the working conditions are dif­
ficult. We know at least one order of magnitude less about 
Arctk marine geology and ~eophysics than about any 
other areas. Not even the broad tectoni<: framework of the 
area has been adequately described. We urgently need to 
collect basic geological and geophysical data on the mar-
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gins and in the deep basins. Collecting data in the Arctic 
is t·omplicated by the extreme difl'iculty of working in a 
hostile environment, much of which is ice-covered. ~ton· 
than anywhere else. there is need for cooperative pro· 
grams in the Arctic. not just between individuals and or· 
ganizations hut also between nations. 

B. STRUCTURE AND SCIENTIFIC PROBLEMS 

Figure 7.1 shows the main physiographic provinces of the 
Arctic area. The more accessible areas. including Ballin 
Bay, the Labrador Sea, the Norwegian Sea, and the In·· 
land Basin, are the best understood. These areas are not 
discussed here, as their mar~ins are detailed elsewhere in 
this report. The Arctic proper can be considered as two 
basins-the Emasian Basin and the Amerasian Basin­
separated by the Lomonosov Ridge. Vo~t and An·ry 
(1974) and Yorath et al. (1975) provide a good review of 
Ardic knowledge and problems. 

WMONOSOV RIDGE 

The Lomonosov Rid~e is generally considered to he a 
sliver of continental crust, split offfrom the Eurasian sht'lf 
when spreadin~ began in the Eurasian Basin . It difft>r~ 
from most other continental fragments in its linearity. 
len!,rth, and narrowness. However, the continental nature 
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of the Lomonosov Ridge has never been unambiguously 
demonstrated. We need to determine its crustal prop­
erties and the nature of its margins. They probably are 
different on either side. We need to know how it termi­
nates against the Greenland margin at one end and the 
Siberian margin at the other end. 

EURASIAN BASIN AND MARGINS 

The Eurasian Basin appears to be relatively simple tec­
toni<:ally, having been created during the last 60 m.y. by 
spreading about the Nansen Ridge-an extension of the 
Mid-Atlantic Ridge system. A unique feature of the area is 
that the active plate boundary approaches its own locus of 
rotational opening. Spreading rates have always been 
small, only 5-8 mm/year, half-rate. 

Some of the more outstanding problems of the Eumsian 
Basin margins are the following: 

1. \\'hat is the structure where an actively spreading 
ridge intersects a continental block? 

2. How does the Eurasian margin, formed at slow sep­
aration rates, compare with other rifted margins that 
formed faster? The comparison may reveal the effects of 
different thermal regimes. 

3. How does the Eurasian margin, now significantly 
sediment-loaded, compare with the formerly contiguous 

EAST SIBERIAN SEA 
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Lomonosov margin, which has relatively little sediment? 
Comparison could provide information on postrifting tec­
tonics and loading effects. 

4. What are the structures of the Yermak Plateau and 
Morris-Jessup Rise, apparently volcanic and formed after 
rifting? How do these structures affect the continental 
margin in their areas? Why did they form? 

AMERASIAN BASIN AND MARGINS 

The Amerasian Basin is more surveyed than the Eurasian 
Basin, but there is no consensus in the literature on its 
tectonic history. For example, the Alpha-Mendeleev Ridge 
has been considered to be an active spreading ridge dur­
ing Late Cretaceous-Early Tertiary; thickened crust 
along a subduction zone at the same time; and foundered 
continental crust. Estimates of the age of the Amerasian 
Basin range from upper Paleozoic to Tertiary, but there is 
no direct evidence. Understanding the margins is obvi­
ously difficult when the whole area is so little understood. 

The margins of the Amerasian Basin include the north 
slope of Alaska, the MacKenzie Delta area, the Queen 
Elizabeth Islands (Canadian Arctic Archipelago), the 
Lomonosov Ridge, the East Siberian Fan, and the Chuk­
chi Sea. Much of what we do know about these margins 
comes from the more accessible contiguous land geology 
and from the information gained as a result of industry's 

BARENTS SU 

FIGURE 7.1 Province map of the Arctic Ocean. (Courtesy of C. E. Keen, redrawn by A. W. Bally.) 
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increasing search for petroleum products on the North 
SliJpe, the MacKenzie Delta, and the Canadian Archi­
pelago. The relationship of the known continental geol­
ogy to possible evolutionary models for the Amerasian 
Basin is reviewed hy Bally (1976). It is obvious from his 
and others' discussions (Vogt and Avery, 1974) that evi­
dence for the timing and geometry of continental breakup 
is inadequate and sometimes conflicting. 

Some serious (JUestions that emerge from these studies 
are as follows: 

l. Has there been subduction, transform motion, and/or 
rifting along the Alaskan and North Slope-Beaufort Sea 
margin? What might be the time frame of these events? 
How do they relate to the configuration of the Amerasian 
Basin? 

2. Vertical tectonies in the Canadian Archipelago 
suggests a complex history of subsidenl·e and uplift over a 
period of 300 m.y. How does this reflect the plate-tec­
tonics history of the deep basin and its margins? 

3. Paleozoic fold belts surround much of the Amerasian 
Basin. Does this suggest, for example, that at least part of 
the basin may be an old interarc basin or marginal sea? 

4. What is the structure of the Chukchi Cap? It is 
thought to he continental, hut its original position is not 
known. Its large size inhibits realistic geometrical recon­
structions of the area until its genesis and history are 
known. 

C. CURRENT AND FUTURE PROJECTS 

Some waters on the Arctic continental shelves are navi­
gable by ships. Drilling platforms can operate for at least a 
small part of the year. Mostly, however, continental mar­
gins and the deep Arcti<: Basin have been studied from i<:e 
islands that move along uncontrollable paths at very slow 
speeds, by using the ice as a "land" base in conjunction 
with helicopters and other aircraft as means of transporta­
tion, and by aeromagnetic studies. The Russians, Ameri­
cans, and Canadians are putting major efforts into Arctic 
studies of this sort. Recently, Canadians have used un­
manned submersibles (on a trial basis) in ice-infested 
waters in order to study the morphology and surficial 
geology of the shelf area. 

The Nansen Drift Project is a major U.S. proposal, with 
some international participation, to "freeze" an ice­
breaker into the ice, thus allowing it to drift slowly down 
the Nansen Ridge-collecting, on the way, all possible 
oceanographic measurements, including geological and 
geophysical data. 

The United States and Canada are engaged in a system­
atic aeromagnetic survey of the Arctic area (under the 
Naval Research Laboratory, the Naval Oceanographic Re­
search and Development Activity, and the Geologkal 
Survey of Canada), at a 10-mile (19-km) line spacing 
flown at 600 feet (200m). This survey involves the use of 
long-range P3 aircraft equipped with inertial navigation. 

This work has already provided valuable dues to the agt' 
and tectonie patterns of the ocean floor beneath the in· 
(Vogt ct al., in press). 

Earth scientists at the Pacific-Arctic Branch of the ll .S. 
Geological Smvey (USGS) plan to continue their investi­
gations into geo-environmental processes and the fonna­
tion of the structural and stratigraphic framework of tht' 
Chukchi and Beaufort seas and adjacent mar~ins. uses 
vessels e<Juipped to support high-resolution geophysical 
surveys, detailed bottom sampling, and offshore mul­
tichannel and related geophysical studies and hottom 
sampling will routinely visit these areas during the in._ 
free months. EtlcHts will also he made to continue joint 
USGS- U.S. Coast Guard studies aboard Coast Guard ice 
breakers. 

Canadian investigators (organized by the Earth Physics 
Branch and Polar Continental Shelf groups of Canada) art' 
planning a study of the Lomonosov Ridge in 1979. Com­
plementary to that study, an ice island may he estahlisht'<l 
by the United States in order to obtain long cmstallines 
from the Canadian station to Svalbard and possibly l\nrd 
and Alett. This study will include crustal seismic-refrat"­
tion, gravity, and other measurements that pertain to the 
underlying cmstal stmcture (H. Weber, Earth Ph~·si(·s 
Branch, Ottawa, personal communication). Analysis nl 
gravity data collected hy the Canadian Earth Physk' 
Branch in the Beaufort Sea area has given sdentist~ a 
preliminary picture of the crustal structure and the posi­
tion of the ocean-continent boundary in that vicinity. 
Marine data obtained by the Geological Survey of Canada 
(esc) in the same area include magnetics, shallow 
seismic reflection, and surficial sediment samplin!(. 
These data soon will be published. The west coast ann of 
the esc is continuing this work in conjunction with hy­
drographic surveys of the area. Norwegian investigator' 
have embarked on a multichannel seismic program 
around Svalbard, and some data have been collcded 
along the northern continental margin of the arehipel;tgn. 

D. OPERATIONAL ASPECTS 

The major difficulties with doing field research in the 
Arctic are usually considered to he, first, the physical dif­
fil·ulty of collecting the data and, second, the cost. How­
ever, as shown below, Arctic costs are not significantly 
different from costs elsewhere. 

Costs of ship-based Arctic operations are compamhle 
with marine costs elsewhere, although lost time becaust' 
of ice conditions can he expensive. Aeromagnetic cosh 
are comparable with costs elsewhere, although Ion!! 
transit times to some areas due to lack of suitable airfield' 
is a problem. Costs of on-ice work are frequently consid­
ered excessive, hut an examination of past and fith.tre An:­
tic project costs suggests that this is incorrect. The AIDJE.X 

project (which involved 20 months of on-i<:e fieldwork 
over 5 years) cost about $20 million. There were about 30 
separate field projects, each of whkh would entail at le<L't 
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one year's research, so that the costs came to $0.6 million 
per project, or $1 million per field-month. Nansen Drift 
estimates of $30 million for 27 months of fieldwork by 
many investigators give similar costs . The Canadian 
Lomonosov Ridge project, which is much smaller (only 
two months on the ice, 10-14 scientists), will also cost 
about $1 million per field-month, but costs per project 
(e.g., the seismi<:-refraction experiments) will he around 
S0.5 million, as the projects are small. 

In these Arctic projects, the operations costs (e.g., 
transport-ation) are about half of the total, or $0.5 million 
per field-month . By comparison, a conventional marine 
operation in the Labrador Sea for three months with three 
projects costs about $1.2 million, or $0.4 million per 
field-month . Each completed project would require at 
least $0.6 million. The cost of a one-month IPOD site sur­
vey has been estimated at $0.5 million. In conclusion, the 
costs of Arcti<: on-ice operations and projects are not sub­
stantially different from research costs elsewhere. Cost 
should not he considered a stumbling block. 

The physi<:al problem of collecting data in the Arctic is 
a major difficulty. Only restricted areas can be studied by 
t·onventional ship-based programs, and even then, project 
completion is uncertain. For example, the period of good 
working conditions in the Beaufort Sea over the last six 
years has varied from three weeks to almost four months. 
Ship programs have to be very flexible, since it is never 
certain that work can he done in the preferred area. 

On-ice projects require different techniques and in­
stmments. The detailed spatial coverage needed in order 
to collect geophysical data is not easily achieved from 
even a large numher of points on ice. New through-the­
ice and under-the-ice instmmentation would help. Many 
margins of the Arctic basins are particularly hard to study 
because they are located in zones of dynamic i<:e-shear. 
These areas are not readily accessible by ship, nor are 
they easily worked from ice stations. 

Costs of a geological-geophysical project that would 
satisfy minimum requirements for shtdies on Arctic con­
tinental margins over the next five to seven years can be 
projected on the basis of the above estimates. First, let us 
t-onsider the cost, time, and personnel involved in com­
pleting a single traverse across an Arctic continental mar­
gin. This shtdy would span from the shelf to the deep­
ocean basin, typically a distance of 150 km, and extend 
along the margin for 150 km. 

The minimum survey should consist of bathymetry and 
gravity on a 5 km x 5 km grid, heat flow and <:oring on a 20 
km X 20 km grid, magnetotellurics at two or three sta­
tions, four seismic-refraction lines 150 km in length paral­
lel to the margin, ten short refraction lines perpendicular 
to the margin, and aeromagnetic coverage at 5 km line 
spacing. Continuous seismic-reflection lines are also re­
quired, hut those require subice vehicles, which are not 
yet available. 

We suggest that at least four traverses, including the 
ahove measurements, be undertaken over a five-year 
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period as a joint Canadian-American project. Each 
tmverse should be situated on a different portion of the 
Arctic margin. The positions of the traverses should be 
selected to provide maximum information concerning the 
history of tectonic events in each area. In order of priority, 
these should he (Figure 7.1): 

1. The Alaskan North Slope 
2. The Queen Elizabeth Islands Margin 
3. The East Siberian Sea Margin (excluding 

Chuk<:hi Cap area) 

{
4. The Chukchi Cap Area 

one 5. The North Greenland Margin-Lomonosov 
of Ridge Area 

6. The Beaufort Sea Margin 

The first three are fairly simple, while the latter three are 
in more complicated areas. It is also important to bear in 
mind that some measurements are now available in areas 
1, 2, and 6, thanks to the impetus provided by petroleum 
exploration. The best use possible of this previous work 
should he made. 

We stress the importance of developing the technology 
to carry out continuous, under-ice measurements in addi­
tion to airborne and from-the-ice-station work, because 
the total costs in the operations would not significantly 
increase by increasing the number of projects. However, 
the costs of under-ice instmment and vehicle develop­
ment are not considered here. In the following list of 
costs, people, and time, we have assumed the following: 

(a) That regional aeromagnetic covemge will already 
he available; 

(b) That about 2 months/year could be spent in field­
work; and 

(l") That it is sensible to obtain basic reconnaissance 
information -gravity, bathymetry, aeromagnetics­
during the first year and, based on the results of these 
measurements, carry out the seismic-refraction, heat­
flow, and <:oring programs during the second year. The 
latter measurements all require either many visits to one 
site or several camps to be set up. Hence, this division 
into two groups of measurements makes logistical sense. 

Given these assumptions, the following are estimates 
for each transect of the margin: 

YEAR I 

A. From-the-ice measurements 

Bathymetry: 5 km x 5 km grid = 900 stations 
Gravity: 5 km x 5 km grid = 900 stations 
Magnetotellurics: Two or three stations 

Requires helicopter landings only. Severn! visits over 
2-month period to monitor magnetotelluric equip­
ment. 
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B. Aeromagnetics 

150-km lines at 5-km spacing = 4500 km 

YEAR2 

C. Through-the-ice measurements 

Heat Flow: 20 km x 20 km grid = 50 stations 
Coring: 20 km x 20 km grid = 50 stations 

Requires winch and through-the-ice work at each site. 
May require a camp at each site. 

D. On-ice seismic profiles 

Four 150-km refraction lines 
Ten 25-km refraction lines 

Requires two camps for each long line and many visits 
to receiving points. Long lines would involve two 
shot-points and many (about 30, minimum) receiving 
points. 

PERSONNEL ESTIMATES 

A. Six 
B. Eight 
C. Fifteen 
D. Three 
This includes l'ook, helicopter pilot, and other field­
support personnel, as well as scientific staff. 

COST ESTIMATES 

A. $0.5 million 
B. $1.5 million 
C. $3.0 million 
D. $50,000 per transect, provided more than one area is 

done in one year. 

TOTAL COST/TRANSECT 

$5.0 million 

NOTES 

• This does not include data analysis. 
• In order to complete four transects in five years, more 

than several areas should be simultaneously under in­
vestigation. 

In conclusion, we again stress that the total cost of this 
five-year project, $25 million, is not excessive when com­
pared with the expense of a conventional marine program 
of similar scope. 

E. RECOMMENDATIONS AND PRIORITIES 

1. Aeromagnetic studies are the most cost-effective 
means of making useful geophysical measurements over 

the more inaccessible areas of the Arctic Ocean. The 
trends, amplitudes, and signatures of the magnetic 
anomalies should indicate directions of plate motions and 
possibly their timing, leading in tum to basic information 
about the genesis of continental margins. Magnetic 
anomalies over the margins, proper, may provide dues to 
the ocean-continent transition. Aeromagnetic surveys 
should be a prerequisite to almost all geophysical sur­
veys. We recommend that aeromagnetic surveys of the 
type currently being pursued by Canadian and America11 
scientists be extended to cover the entire Amerasia11 
Basin and surrounding continental margins. When the 
technology for airborne gra~,;ity suroeys is realized, 1a 
recommend that these measurements be included in the 
surveys. 

2. We recommend careful/!! planned crustal seismic­
refraction experiments, together with multichannel re­
flection lines and gravity measurements, to determine 
the nature of the crust in Arctic basins (particularly the 
Amerasian Basin). These studies should focus on the lo­
cation and nature of the ocean-continent transition. 

3. We recommend that borehole information be re­
lated to stratigraphy as it is shown on seismic-reflection 
lines. This effort will permit scientists to determine rates 
of subsidence and periods of uplift. Such information 
then can be related to initiation of continental separation 
and subduction processes. Shallow drilling (say, 20-100 
ft) from a surface ship should be attempted in areas that 
suggest outcrop of diagnostic seismic horizons. Thh 
should be done on both the shelf and the slope. 

4. A determined assault should be made to establish 
the validity of present interpretations that claim certain 
features to he continental fragments or ancient spreading 
centers. Refraction methods would assist such studies. 

5. We recommend that efforts be made to det'elop ill­
struments that will make geophysical measurements 
both under the ice with tethered or remote vehicles a11d 
through the ice. 

6. We recommend more paleomagnetic studies of rocks 
from the Amerasian Basin, the surrounding land masses. 
margins, and continental fragments. These would be ex­
tremely valuable in reconstructing the past geometn· of 
the area. 

7. We strongly recommend that the effort in the Arctic 
be a joint project of Canadian and American scientists. 
Furthermore, Russian and Scandinavian participati011 is 
highly desirable and should be diligentl!l sought. 
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8 

A. INTRODUCTION 

Active 
Margins 

Active margins are not easily defined. Elsewhere in this 
re}X>rt, we use the term "Megasuture," to embrace all 
products of subduction-related processes during 
Mesozoic-Cenozoic times. Active margins comprise that 
portion of the Megasuture that is active today, as is clearly 
shown on earthquake-distribution maps. On such maps, a 
narrow hand with great earthquake density delineates the 
position of subduction zones (Figure 1.4). Within the con­
tinents, that band becomes more diffuse. Active margins 
coincide with convergent plate boundaries and, on occa­
sion, they are bounded by transform-limit systems. At 
convergent plate boundaries, the lithosphere of one plate 
is subducted at depth under the lithosphere of another 
plate. Earthquakes that emanate from within the sinking 
slab allow us to trace it deep into the mantle. Volcanism, 
crustal defonnation, and the opening ofhackarc basins are 
the more superficial expressions of the subduction pro­
cess. Igneous activity and metamorphism ac·company the 
proc·ess at depth. 

The seismologie definition of an active margin excludes 
large areas occupied by marginal seas. Therefore, most 
marine geologists prefer to define active margins as the 

Much of the discussion in this chapter is based on the white 
paper of the IPOD Active Margins Panel ( 1977). 

108 

tnmsition zone between the active subduction zone and 
the continental mainland. This view, however. c:om· 
pletely excludes the active subduction zones within <:on· 
tinents proper. 

Another limited conception of ac·tive margins led to the 
bizarre situation that exists within the IPOD Active Mar­
gins Panel. This group has excluded the Caribbean, 
Scotia Sea, Mediterranean, and Gulf of Arabia from their 
consideration. Fortunately for science, special subpanels 
for some of these areas found a safe and friendly hearin~ 
in the IPOD Passive Margins Panel. Geologists realize that 
active margins are that part of the Megasuture that is 
mostly under the sea and associated with high earthquake 
frequency, hut they generally prefer to study the Megasu­
ture as a whole. This allows them to transcend the 
ephememl seashore and sh1dy the earth under both land 
and water over longer time intervals. 

Figure 8.1 shows the Cenozoic- Mesozoic Megasuture, 
its subduction boundaries, and the distribution of conti­
nental and oceanic crust. Note that around the Philippint' 
Sea the subduction zone bifurcates. Note further that 
large segments of the active margins are underlain by old 
continental crust. Table 8.1 classifies the various kinds of 
subduction margins. 

Geophysical observations on active margins are often 
difficult to interpret because not many wells for calibrat· 
ing the geophysical measurements have been driJied. 
(Currently, the Glomar Challenger is drilling some rele-

Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


vant sites in the Western Pacific.) Observations of rock 
outcrops on islands or on the mainland are not often inte­
grated with marine geological and seismic observations. 
Such an integration is a tough task, because the outcrop­
ping rocks are largely the product of processes that hap­
pened at depth during earlier subduction phases. Com­
parison of ancient and recent sediments is often difficult 
because of diagenetic and metamorphic overprints and 
alteration due to uplift and subaerial exposure. 

The scientific interest in active margins coincides with 
some considerably practical concerns. Major among these 
is the need to make predictions of earthquakes and vol­
canic eruptions and to promote understanding of the 
genesis of ore deposits and hydrocarbon accumulations. 

Numerous ore deposits are located in mountain ranges 
that were formed during the subduction process. Some 
scientists directly link massive sulfide and porphyry cop-

Active Margins 109 

per deposits to subduction, remelting of oceanic rocks, 
and subsequent emplacement of the ores in the overrid­
ing plate. Modem economic geologists are trying to trace 
the distribution of metallogenetic zones in folded belts. 
Across the Andes, that distribution suggests derivations of 
components of magmatic-hydrothermal systems through 
partial melting of suhducted oceanic lithosphere at pro­
gressively greater depths across a stable Benioff Zone. 
The extensive discussion of plate tectonics and metal­
logenesis in Strong (1976) indicates that postulated rela­
tions are still tenuous and need further research and doc­
umentation. 

The search for hydrocarbons in basins related to active 
margins has been frustrating. Some areas like Indonesia, 
Borneo, and California offer prolific hydrocarbon de­
posits, while others like Japan, Taiwan, and Central 
America are almost barren of them. Current explanations 

D Cl-Ml C-MEGASUTURE _.1-- A-SUBDUCTION 

---- FELSIC INTRUSION BOUNDARY _j-- B-SUBDUCTION 

• • • •• SCHEMA TIC DISTRIBUTION OF VOLCANOES 

- OCEANIC CRUST D CONTINENTAL CRUST 

FIGURE 8.1 Cenozoic- Mesozoic Megasuture of the world and boundaries. 
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110 DESCRIPTION AND DEFINITION OF RESEARCH PROBLEMS 

Table 8.1 Classifications of Active Margins 

Types Examples 

1. Convergent active margins 
11. B-Subduction margins, subduction of oceanic lithosphere 

111. Oceanic crust subducted below continent Peru-Chili, Guatemala, Honduras, 
Eastern Aleutian, Java-Sumatra 

New Hebrides, Ryukyu, Japan, 
Kurile, Andaman, Bonin Mariana, 
Tonga, Carribean, Scotia Arc 

Ontong Java Plateau under 
Solomon Islands 

112. Ocean crust subducted below island arc 

113. Oceanic plateau subducted below island arc 

12. A-Subduction margins, subduction of continental 
lithosphere 
121. Subduction of continental crust below island arc Timor-Ceram 
122. Subduction of continent below continent 

(continent collision) 
1221. Without oceanic marginal basins 
1222. With formation of marginal basin 

2. Transform active margins 
11. Continent slipping past ocean 
12. Transform-rift system intersecting continent 
13. Ocean slipping past ocean 
14. Continent slipping past continent 

for these differences in hydrocarbon productivity are su­
perficial and unconvincing. 

B. THE EVOLVING ACTIVE-MARGIN MODEL 

In the 1920's and early 1930's, F. A. Vening Meinesz, the 
great Dutch geophysicist, discovered belts of large nega­
tive gravity anomalies on the outside of island arcs. He 
interpreted these anomalies to reflect a symmetrical 
down-buckling of the sialic crust. Arthur Holmes, a Scot­
tish geologist, in 1928, had proposed a convection-current 
mechanism for continental drift. Convection currents 
were subsequently adopted as the mechanism that 
formed the orogenic root that Ven ing Meinesz postulated. 
Originally symmetrical, the model was soon made asym­
metric to better fit the details of geological cross sections 
across ocean trenches and island arcs. Dynamic models 
were set up in laboratories to underscore the plausibility 
of the model, which was named "tectogene." 

The high seismicity of the trench areas and the as­
sociated Benioff Zones seemed to fit that tectogene con­
ce pt. In addition to this, the calc-alkalic volcanism of is­
land arcs was explained in the context of relative thrust­
ing of ocean crust under continents, as occurs along the 
circum-Pacific "ring of fire ." 

The tectogene concept further evolved into the 
converging-margin model as soon as it was recognized 
that the earth was fragmented in several lithospheric 
plates that often carry both continents and oceans within a 
single unit. Along subduction zones, the oceanic lither 
sphere is flexed downward, underthrusts the adjacent 

Gulf of Arabia 
Eastern and Western Mediterranean 

Queen Charlotte margin 
Gulf of California 
Hunter Fracture Zone 
San Andreas Fault 

plate, and finally descends as a slab into the deep mantle. 
At a depth of about 100 km, the descending slab partially 
melt~ and the melt rises to form a volcanic arc. 

On the seafloor, a trench forms over the depressed 
oceanic crust and is flanked by the continental slope (also 
called the inner trench wall) if the subduction occurs be­
tween oceanic and continental crust. Depending on the 
sediment supply, some trenches are filled with sedi· 
ments, while others are virtually empty. The inner wall of 
the trench often consists of sediments that were scraped 
off the oceanic crust; these appear as ill-defined, structur· 
ally deformed layers on seismic-reflection sections. It is 
inferred from seismic sections that structural imbrications 
of sediments accrete on the inner trench wall by thrust· 
faulting and tectonic stacking. In some cases, even the top 
of the oceanic lithosphere is imbricated. In other cases. it 
appears that sediments are carried with the oceanic crust 
to subcrustal depths. 

Unless the earth is expanding, seafloor spreading re­
quires the disposal of great amounts of oceanic litho­
sphere continuously being produced at midocean ridges. 
That disposal occurs in subduction zones, where oceanic 
lithospheric slabs sink deep into the mantle. Soon aftrr 
this was recognized, the subduction model was applied to 
explain the origin and development of mountain belts. 
Earlier in this century, subduction of sialic crust had bern 
invoked by some alpine geologists . The modem subdur­
tion model led geologists to restudy the contact relations 
of outcropping ultramafic rocks. These are now known to 
be frequently underlain by thrust faults, suggesting that 
the rocks were moved great distances from their original 
site s. Strangely, most of these occurrences imply that the 
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ultramafics were thrust over sialic crust (a process called 
obduction), an altogether different situation from simple 
underthrusting of oceanic lithosphere (subduction). 

Summaries of active margins are given by Sugimura 
and Uyeda (1973), Miyamura and Uyeda (1972), Gorai 
and lgi (1973), and Talwani and Pitman (1977). 

C. THE FOREARC REGION 

The forearc region extends from the deep-sea trench to 
the volcanic area and has a minimum width of 100 km. 
According to Seely and Dickinson (1977), this minimum 
width is due to the fact that volcanoes usually stand be­
tween 90 and 150 km above an inclined seismic Benioff 
Zone. As shown in Figure 8.2, such a geometry implies 
that no arc will be located immediately next to the trench 
and that, in most cases, some oceanic crust can be ex­
pected to underlie the forearc basin. Figure 8.3 is a gen­
eralized model of forearc areas and terminology applied 
to the model. 

Figure 8.4 is a drawing of a typical geophysical section 
near a trench. Occasionally, the top of the oceanic base­
ment can be followed for considerable distances under 
the continental slope. On seismic sections like that shown 
in this figure, the whole area lying between the bedded 
sedimentary section and the top of the landward-dipping 
oceanic crust is often devoid of any reliable reflectors. On 
rare occasions, there are hints of an imbricate structure. 
Landw!J.rd, there are virtually no reflection or refraction 
data below the forearc basins. On the arc itself, there is no 
geophysical information, hut there are some surface 
geological data and wells. In essence, the onland informa-

PlATE RUPTURE 

Adll ,, I 
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tion sits as an island linked to the original subduction 
concept by a thin web of inference. 

For example, the maximum age of undeformed sedi­
ment has been paleontologically dated only in the Aleu­
tian Trench. Only three sites (East and Central Aleutian 
Trench, Nankai Trough) in the accretionary sedimentary 
wedge of the subduction complex have been sampled 
very deeply below the surface. To answer certain ques­
tions, we need to determine the ages of rocks and de­
cipher the structures of the subduction complex by drill­
ing. Among the questions are the following: What propor­
tion of sediment is accreted in the subduction zone, and 
what portion is subducted? What is the volumetric bal­
ance between sediments involved in the subduction 
complex and those deposited on or near the active margin 
during the subduction process? How does the thickness 
and alteration of lithology of suhducted sediments influ­
ence the structural style of deformation? 

We do not know whether oceanic crust is sliced up in 
the subduction zone. Ancient fold belts suggest that out­
cropping ultramafic rocks and their associated pillow 
lavas and cherts {ophiolites) are remnants of old ocean 
floors that were obducted over the continental crust. In 
some regions, midocean ridges have been subducted. 
DeLong and Fox (1977) have speculated over the conse­
quences of this process, but so far, data are lacking to test 
these hypotheses. Kelleher and McCann (1976) suggest 
that uplifted regions and aseismic ridges are areas of 
buoyant oceanic lithosphere that resist subduction when 
they collide with an active trench. Cady (1975) and his 
co-workers show that, in the Olympic Mountains of 
northern Washington, an Eocene seamount was involved 
in the subduction process. 

(A) BREAKAGE OF OCEANIC PlATE 
IINTRA.oc:EANIC ARCI 

1. BEFORE 
eon.ntll Cnat 

~····· 

··· ·~ (B) ACTIVATION OF CONTINENTAL MARGIN 
ICONTNNTAL-MAIIGII ARCI 

FIGURE 8.2 Models for inception of ac­
tive margin. (After Seely and Dickinson, 
1977.) 
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FIGURE 8.3 Generalized instantaneous forearc model and terminology. (After Seely and Dickinson, 1977.) 

The fommtion and topographic relief of stm<:tmal highs 
(i.e ., trench-slope breaks) that border the common 
f(>rearc basins remain an enigma. Some of these features 
an' completely missing on some active margins (see Fig­
ure 8.5). 

D. THE ARC REGION, ITS VOLCANOES AND 
GEOCHEMISTRY OF IGNEOUS ROCKS 

Most features of a<:tive margins are c:uite diverse. This 
includes the an: region itself. The simplest arc types are 
intra-oceanic, arc-trent·h systems such as the Marianas. 
In these, a volcanic arc separates the main ocean from an 
oc·eanic backarc basin. Other arc systems, like those adja­
cent to the North and South Amerkan Cordilleras, are 
complex crustal accretions on older f(>ld belts . Arcs such 
as the islands of Japan or New Zealand are continental 
fragments, detached from the mainland. 

Vokanoes are charaderistic of the arc region . Their 
evolution and chemistry should give clues to deep suh­
dul'tion processes . Magmas and their volcanic and 
plutonic roc·k products in active margins areas fall pre­
dominantly into two compositional categories, the calc­
alkalic and tholeiitic series. Cak-alkalic rocks generally 
show greater iron enrichment relativt' to magnesium than 
to tholeiitit· rocks during difTerentiation, as they crystal-

lize from magma. The division between these two roc·k 
groups in active margins is not always dear, however. 
Rock types that do not correspond directly to t>itlwr 
group, and transitional types, are by no means uncom­
mon. 

Calc-alkalic rocks, in general, characterize the <:onti­
nental portions of adive margins: tholeiites are more 
common in oceanic portions. Continental arcs and island 
arcs with continental-type roots are characterized by 
cak-alkalic granites and andesites, whereas oceani<.· is· 
land arcs contain primarily basalts and basaltic andesite~ 
of the tholeiitic or high-alumina types. Both lateral varia· 
tion and temporal change of magma types in volcanic an·s 
are reported. Although the division between thest> two 
rock suites is not entirely well defined, studies of their 
temporal and spatial relationships to each otht>r provide 
an important chemical view of continental margins <.·om· 
plementary to the physical view provided by plate te<.·· 
tonics . 

Ringwood ( 1977) emphasizes the role of water t·on­
tained in the subducted mafit· oceanic crust. He sum· 
marizcs magmatk prm:esses as follows: 

l11e primary magmas produced near the Benioff zone at dt"pths 
ofR0-100 km consist of hydrous, tholeiitic basalts, dose to silica 
saturation . They are not andesitic. The tholeiitic magmas fra<.­
tionate as they rise , principally by olivine separation, thereh~ 
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produdn~ a spectrum of basaltic andesite to andesite magmas at 
shallow depths. Further shallow fractionation by separation of 
amphibole, pyroxene and plagioclase produces dacites and 
rhyolites . The differentiation trend of the volcanic suite is 
tholeiitic, possessing defined petrochemical characteristics, and 
is responsible for the tholeiitic stage of development of island 
art:s. 

Thus, it might be considered that, during subduction, 
no material other than basalt or peridotite need he melted 
in order to produce the vol<:anic products of the an:. The 
role that l'Ontamination hy molten sediments plays in 
these magnetic processes is puzzling. 

Experimental petrologists l·onsider all the various types 
of material that might he subducted. Studies of geochem­
i<.:al tmcers in the end products of volcanism in the mag­
rnatic arc are useful in designing petrology experiments. 
Su<:<:essful tracers are the alkalies, transition metals, 
rare-earth elements, and isotope ratios of hydrogen, oxy­
gen, sulfur, and, in particular, strontium and lead. The 
<.:hemkal difTerences that exist in the subducting Ol·eank 
and sulx:ontinental areas may have an influence on the 
<.:omposition of the erupted magmas. If thl'Y do, then it 
'''ould be sensible to determine the degree of in­
homogeneities in the descending oceank plates. 

For example, Kay ( 1977) concludes for the Aleutian Arc 
that processes controlling its magma l'Omposition include 
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crystal settling, partial melting, and contamination of 
"oceanic" mantle and crust by admixture of a "continen­
tal com(xment" rich in Ba, Rb and K, and radiogenic Ph 
and Sr. 

There are variations in the volume of volcanic products 
in the deposits of arc massifs (e.g., Oregon- Washington 
Cascades) and in ash deposits found in deep-sea sedi­
ments. The chemical composition of ash deposited in the 
deep sea has changed over relatively short (2.5 m.y.) 
intervals of time. Such l·hanges may be cydical and rep­
resent trends different from those affecting the overall 
composition of magmas associated with evolving island 
arcs. 

Some problems that are worth pursuing are the follow­
ing: 

1. Determine what the variations in magma composi­
tion were over time at pertinent portions of volcanic arcs. 
It has been found that the potassium content of andt.•sitic 
rocks increases in a ha<:karc direction. This empirit·al rela­
tion serves as a guide to reconstmct paleoseismic subduc­
tion zones. It is important to determine whether the rela­
tion of the K20 content to the depth of the Ben iofl Zone is 
always valid or if it varies in space and with time. Recon­
stmction of fossil subduction zones depends on this con­
cept. 

2. In the evolution of active margins, it is not known 
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FIGURE 8.4 Composite diagram of active-margin trench features. (After Seely and Dickinson, 1977.) 
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FIGURE 8.5 Models of modem forearcs. (After Seely and Dickinson, 1977.) 

whether volcanism and plutonic activity have been rela­
tively constant or episodk through time. Since magma 
beneath active arc systems is thought to originate along 
the slip surface of subducting lithospheric slabs, if it 
could be established that widespread episodicity of igne­
ous activity did occur, it would provide insights into the 
subduction process itself. Interpreting the history of vol­
canic arcs from land geology alone is not always satisfac-

tory. because gaps in the record due to erosional unt'On· 
fom1ities or superposition oflater volcanics l·annot alway< 
he distinguished from periods of volcanic quiestentt' 
Repeated intrusions, especially at deeper levels. otirn 
reset or alter the radiometric "docks" used to date tht'>t' 

rocks. 
Maximum-penetration drill cores behind an adive wl· 

canic arc could provide the infonnation necessary to link 
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the ashes and volcanoclastic debris deposited in the sub­
marine sediments to the extrusive and erosional events 
indicated on exposed portions of the arc system. Direct 
comparison between subarea!- and submarine-deposited 
volcanic material could also help to clarify the influences 
of seawater-volcanic rock interaction, burial diagenesis, 
and hydrothermal activity on the chemistry and mineral­
ogy of volcanic material. 

For a given arc, we must relate eruption patterns in 
terms of time, volume, and composition to the marine-ash 
record both on land and in the ocean. Recent studies 
suggest that several episodes of explosive volcanic activ­
ity are synchronous on a worldwide basis. The cause of 
and reasons for this synchroneity are not known. Are dis­
continuous plate motions manifested in the magmatic 
evolution of the arc? 

3. Test the models for the formation of island-arc vol­
canoes. It should be possible to evaluate, through isotope 
studies (e.g., strontium and lead), the relative contribu­
tions made by the subducted oceanic lithosphere and sed­
iment to the magmas in island-arc settings. 

4. Metamorphic rocks whose origin is affected more by 
high pressure than by temperature are associated with the 
forearc portions of arc systems (Ernst, 1975). They are 
thought to form at depth within the subduction complex 
above the descending lithospheric slab. Because these 
high-pressure rocks, often termed blueschists, are rare in 
other environments, they are useful for identifying inac­
tive subduction zones, which lack features of active zones 
such as seismicity and low heat flow. These rocks are less 
common in Paleozoic and Precambrian rocks than in 
later sequences. Whether this is related to subsequent 
destruction of blueschist minerals or to changing tectonic 
or thermal conditions through time is still unknown. 

High-temperature/low-pressure metamorphism occurs 
beneath volcanic arcs because of the heating associated 
with magma as it rises to the surface. Behind continental 
volcanic arcs, subduction-related metamorphism may also 
he of the high-temperature/high-pressure type. Both 
high-pressure/high-temperature and high-temperature/ 
high-pressure metamorphism suggest conditions within 
the crust that depart from a "normal" geothermal gra­
dient. These departures from "normal" geothermal condi­
tions are expressed in active convergent margins as gen­
erally low heat flow in forearc areas and high flow in the 
volcanic-arc and backarc areas . If, as various authors have 
proposed, these conditions arise as a response to subduc­
tion of lithospheric plates beneath active margins, the ex­
tent of these anomalous metamorphic conditions may in­
dicate the quantity of crust that is affected thermally by 
the subduction process. 

E. THE BACKARC REGION 

Earthquakes, volcanoes, and the deep trenches are the 
spectacular expressions of the subduction process. The 
slower basin-forming processes in the backarc regions 
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attract less attention, but Figure 8.6 reveals that these 
basins occupy most of the active-margin area. Most of the 
basins shown on this map are Tertiary; they began to form 
in Late Paleogene time and subsided during Neogene. 
Table 8.2 offers a tentative classification. 

Marginal basins sensu stricto or backarc basins floored 
by oceanic crust (121 of Table 8.2 and the Andaman Sea 
on Figure 8.7) have recently been explained by Toksoz 
and Bird (1977) as a necessary consequence of the sub­
duction of oceanic lithosphere that results in an induced 
convective circulation in the wedge above the slab (Fig­
ure 8.8). They propose to classify marginal basins into 
underdeveloped, active-spreading, mature, and inactive. 
The assumed time interval of 20-40 m.y. between the 
beginning of subduction and secondary spreading is con­
sistent with the time it takes for a gradual warming and 
weakening of the overriding lithosphere by convection. 
Toksoz and Bird believe that stress induced by convec­
tion is minor but that tension exerted on the lithosphere 
by the downgoing slab probably plays a role in starting 
secondary spreading. 

Some unanswered questions concerning marginal ba­
sins are the following: 

• Are marginal-basin basalts composed of the same 
type of material that forms seafloor at midocean 
ridges? 

• What is the nature of the crust and/or mantle that 
underlies the marginal-basin basalts? 

• What is the relation between the marginal-basin 
lithosphere and the ophiolite sequences found on 
land? 

• Do marginal basins form by the same ·mechanical 
processes that form the midocean ridges? 

• Are marginal basins favorable locations for develop­
ment of ore bodies by hydrothermal emanations? 

Backarc basins floored by continental crust are impor­
tant to the petroleum industry, because a number of these 
basins bear oil. Some of them (1221 of Table 8.2) can be 
viewed simply as mini-passive-margins facing small 
ocean basins. Others (1222 of Table 8.2), however, are 
floored almost entirely by continental crust. Finally, there 
are some backarc basins associated specifically with 
A-subduction ( 123). 

All backarc basins floored by continental crust are 
characterized by a block-faulted bottom that often forms 
paleostructures that preferentially trap oil. The bounding 
faults may be shaped like sled runners (listric fimlts) and 
suggest crustal attenuation by extension. The basins 
sometimes display high heat flow (e.g. , the Pannonian 
and Tyrrhenian basins). 

Despite the fact that backarc basins floored by conti­
nental crust have been explored by the industry in many 
areas of the world, available data are woefully incom­
plete. Industry has released some, but not many, data, 
published multichannel sections are rare, regional 
geological sections integrating surface and subsurface in-
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D Cl . Ml C-MEGASUTURE 

BASINS FLOORED BY CONTINENTAL & TRANSITIONAL CRUST 

1=11 FOREARC, BACKARC & 
CALIFORNIA TYPE BASINS - PANNONIAN TYPE BASINS 

- BASINS FLOORED BY OCEANIC CRUST MARGINAL SEAS 

D Pt . Pl CONTINENTAL CRUST 

FIGURE 8.6 Epi-sutural basins. (For a detailed classification, see Table 8.2.) 

formation virtually do not exist, and refraction surveys 
that give insight on the nature of the crust and the upper 
mantle are hard to come by. 

More heat-flow measurements are needed to trace the 
thermal evolution of backarc spreading. It is encouraging 
to see the geothermal data of Southeast Asia compiled in 
the SEAPEX Project. 

F. PERI-SUTURAL BASINS 

Table 8.2 and Figure 8.9 show that peri-sutural basins 
form moats on the rigid lithosphere adjacent to the 
Megasuture. On oceanic lithosphere, the classical deep­
sea trenches are developed. Much has been written about 

deep-sea trenches. Areas of interest include the presenct: 
or absence of sedimentary fill (Scholl and Marlow, 1974: 
S<:holl, 1974),lithospheric flexure at outer (seaward) rise~ 
of trenches (Watts and Talwani, 1974; Duhois et al .. 
1977), and the initiation of trenches (McKenzie, 197ii. 

On continents, foredeeps accompany the A-subdu<:tion 
boundary offold belts. Montecchi (1976) illustrated some 
fine examples of incipient foredeep fonnation relateJ tn 
the collision of the Australian continent with the I ndone­
sian island arc. In Figure 8.9, one group offoredeeps hu!!~ 
the Cenozoic- Mesozoic Megasuture; the remain in!! 
foredeeps are associated with Paleozoic fold belts. Both 
foredeeps and deep-sea trenches reflect the difference~ 
between the loading history of continental and <x:eank 
crust near the subduction zone. There is also somt• 

I 
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FIGURE 8.7 Diagrammatic present-day cross section from the 
Bengal Fan to the Malay Peninsula. (From Curray and Moore, 
1974.) 

geological evidence that sialic crust may be "softened" in 
the process, as illustrated by flow structures in reactivated 
sialic basement in folded belts. 

Whether oceanic or continental crust is subducted 
along a subduction zone determines structural style, sed­
iment distribution, local stratigraphy, and the presence or 
absence of hydrocarbons. It is necessary to compare and 
contrast the subduction of continental segments with the 
subduction of oceanic crust. Places where this can best be 
done are the offshore areas of Iran (Makran Coast versus 
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Gulf of Arabia, the Bay of Bengal versus the Ganges 
Plains, and the Java Trench versus the Timor Trench. 
These studies should involve gravimetric surveys, reflec­
tion seismology, refraction seismology, wells to obtain ac­
curate subsidence rates, and surface geological studies on 
stratigraphy and sedimentation. 

G. TRANSFORM MARGINS 

Transform margins are conspicuous plate boundaries. 
Some involve slipping of ocean crust against ocean crust, 
e .g., the Hunter fracture zone at the south margin of the 
Fiji Plateau. Others, like the Queen Charlotte fault zone, 
separate continental from oceanic crust. Most of these are 
not single faults but are complex fault systems dominated 
by strike-slip faulting. For example, Young and Chase 
(1966, 1977) have mapped another strike-slip fault-the 
Sandspit Fault-some 50 km to the east of the Queen 
Charlotte Fault. 

A dramatic display of the complexities of transform 
faulting is seen onshore and offshore Southern California. 
(See Kovach and Nur, 1973; Vedder et al., 1974; and 
Blake et al., 1978.) The California Borderland is but a part 
of a complex that includes all Tertiary structures as­
sociated with the San Andreas Fault system, extending 

Table 8.2 Classifications of Basins Related to the Cenozoic-Mesozoic Megasuture 

Types 

1. Basins "inside the megasuture (episutural basins; Bally, 1975) 
11. Forearc basins: Current nomenclature and different models 

have been illustrated by Seely and Dickinson (1977) 
12. Backarc basins: 

121. Backarc basins floored by oceanic crust and associated 
with B-subduction (marginal sea sensu stricto) sub­
divided according to Toksoz and Bird (1977) 
1211. Actively spreading basins, with high heat flow 
1212. Inactive basins, with high heat flow 
1213. Inactive mature basins, with normal heat flow 
1214. Undeveloped basins, involving oceanic base-

ment that has not yet reached the spreading stage, 
following its capture by an island arc 

122. Backarc basins floored by continental or interme­
diate crust, associated with B-subduction 
1221. Continental margins of 121 basins 
1222. Basins entirely on continental crust 

123. Backarc basins, associated with A-subduction 
1231. On continental crust. 
1232. On continental and oceanic crust 

13. California-type basins, associated with intersecting rift 
transform system 

2. Basins outside the megasuture (perisutural basins; Bally, 1975) 
21. Basins on oceanic crust: Deep-sea trenches 
22. Basins on continental crust associated with A-subduction 

margin: Foredeeps 
23. Basins associated with felsic intrusion 

boundary: Chinese basins 

Examples 

Mariana, Lau-Havre, Scotia Sea 
S. Fiji, West Philippines, Sea of Japan 
Fiji Plateau, Sea of Okhotsk, Parece- Vela Basin 
E . Bering Sea, maybe Caribbean 

S.E. China Shelf, W. Thailand Shelf 
Bering Sea, Java-Sumatra Basin 

Pannonian Basin 
West Mediterranean 
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FIGURE 8.8 Genetic model of the for­
mation of a marginal basin. (After Toksoz 
and Bird. 1977 .. ) 

from the Gulf of California to Cape Mendocino, north of 
San Francisco. The California Borderland is dominated 
by northwest-trending fault blocks, which are intercepted 
in the north by the east-west trending Transverse Ranges 
and their offshore continuation. Although much work has 
been done by U.S. Geological Survey (USGS) and indus­
try in preparing for off~hore sales, there is no synthesis of 
the geology of the California Borderland. This is a typical 
ease in which pragmatic efforts satisfied the needs of gov­
ernment and industry hut did not lead to a scientific un­
derstanding of the genesis of a transf(mn margin. 

H. INCIPIENT SUBDUCTION 

There are no generally recognized areas of incipient suh­
duetion, only active and extinct subduction zones. We do 
not understand how a subduction zone becomes inactive 
or extinct. 

In a recent paper, McKenzie (1977) addresses the prob­
lem of initiating trenches. The abstract of his paper says: 

Kinematic plate evolution continuously reduces the number of 
plates, and therefore there must be mechanisms whkh create 
new plate boundaries. Creation of new ridges is simple, but pro­
ducing new trenches is not. Simple plate models are used to 
demonstmte that a compressive stress of at least 800 bars and a 
rate of approach of at least 1.3 cm/yr are required to form a new 
trench. Neither <:ondition is easily satisfied. To illustrate these 
idea~ three regions where new trenches may be starting are 
compared with the simple theoretical models. 

The three regions McKenzie cites are (l) southeast of 
Gorrenge Bank, west of Gibraltar; (2) the Aegean Arc in 
the Eastern Mediterranean; and (3) a diffuse line of 
epicenters that crosses the Indian Ocean from Ceylon (Sri 
Lanka) to Australia. [Sykes (1970) had suggested that a 
new island arc may be developing in this last area.] 

The inception of subduction zones remains a mystery. 
Scientists will need to investigate the youngest subduc­
tion zones formed on active margins. 

2$ 
·c;; c 
Q)0 
-g~ 
<l>~ 

Basalts ~ OCEAN 
- ~- - - - - - - - - - - Sea Level 

LITHOSPHERE 
·. • .. · . . ·.:::: 

I. THE MEDITERRANEAN AND THE CARIBBEA~: 
TWO SPECIAL CASES 

The Caribbean (see Nairn and Stehli, 1975) and thr 
Mediterranean (see Biju-Duval and Montadcrt, 1977; 
Dewey et al., 1973; Closs et al., 1978) undoubtedly qual­
ify as areas with active margins. A look at earthquake dis· 
tribution (Figure 1.4) and Recent and Teritary volcanism 
(Figure 8.1) demonstrates this. These areas han· IX't'll 

through a complex structural evolution, as is revealed hy 
geological and topographi<.' maps. Understanding thest 
areas is made more difficult both because of the custom· 
ary separation between land geologists and seafarinl( 
earth scientists and because of the different nationalitirs 
at work in both regions. 

There are bask differences between the two areas. 

1. The Mediterranean is the product of a <.·ontinental 
collision, as was so brilliantly perceived by Argand in 
1924. That collision led to the closing of the Tethys, an 
old ocean located between the northern Eurasian ronti­
nents and the continents of the southern hemispherr. 
Only the margin stretching from southern Tunisia to Is­
rael and Syria and, possibly, a spur extending hom Lih~<l 
to the Adriati<.' Sea are remnants of the passive margin of 
the southern continent. The remainder of the Meditem· 
nean, i.e., the Western Mediterranean and the Aegean 
Sea, are backare basins that developed during mid­
Tertiary times behind the subduction zones of tht' 
Aptmnines-Atlas and the Hellenides and their eastern l'\· 
tension. 

2. The Caribbean has a different history (see ~falfait 
and Dinkclman, 1972; l\fattson, 197H). North Ameril•l 
separated from South America. As thl• continents mcl\d 
along a path that induded clockwise rotation of both 
North and South America, space for the Caribbean wa' 
created. At present, the continental blocks arc slowl' 
converging and, in the prcx:ess, are squeezing the Carih· 
bean. 

Understandably, the Caribbean exhibits some unusual 
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••••••••• TRENCHES :iY~i~W/' FOREDEEPS (::) CHINESE-TYPE BASINS 

D Cl-Ml C-MEGASUTURE 

FIGURE 8 .9 Peri-sutural basins. Foredeeps not related to Cenozoic-Mesozoic Megasuture are associat!"d with Paleozoic Megasuture. 

structures. The Isthmus of Panama is flanked to the north 
and south hy fold belts. This suggests conjugate, 
landward-dipping subduction zones. The Greater Antil­
les are hounded by fold belts and trenches. The well­
known Puerto Rico Trench is to the north, and the 
lesser-known Muertos Trough is to the south. The Ven­
ezuelan Borderland exhibits structures that indicate both 
subduction and transform movement. The Central Carib­
bean crust appears to be drifting eastward with respect to 
hoth North and South America, while being squeezed in a 
constriction formed by the northward protuberance of the 
South American continental crust. The Lesser Antilles is 
perhaps the least anomalous area of the Caribbean. It rep­
resents normal island-arc subduction but with pro· 
nounced displacement of the vocanic axis in mid­
Tt>rtiary time. 

Both the Mediterranean and the Caribbean abound in 
local geological problems, but there are two especially 
significant problems. 

l. Each area is in serious need of a comprehensive syn· 
thesis . There are already many published papers that 
summarize the status of our knowledge. But what is 
needed is a summary that defines the problems, puts 
them in hiemrchic order of importance, and explains the 
geological rationale for such an order. Committees being 
singularly unsuitable for the purpose, science will have to 
wait for a gifted individual to perform the task. 

2. A simpler problem, but one calling for an expensive 
solution, requires that some key holes be drilled in the 
center of selected deep Caribbean and Mediterranean ba­
sins. A hole in the Colombian Basin is needed to deter­
mine the age of the oceanic basement. Another hole or 
two are required in the Venezuelan Basin to penetrate 
and detennine the nature of seismic reflections that were 
observed below the top of the basaltic layer. Additional 
holes are needed on the Aves Ridge and on the leading 
edge of the Antilles subduction zone. In the Mediterra· 
nean, holes need to be drilled to penetrate the section 
below the Miocene salt that fills its deep basins. 
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J. THE ROLE OF DRILLING ON ACTIVE 
MARGINS 

INTRODUCTION 

Ten years of DSDP drilling verified ocean-floor spreading. 
Thus, a basic tenet of global tectonics was dimly estab­
lished. But intensive study of another aspect of global 
tectonics-subduction-was avoided. IPOD drilling cur­
rently under way in the Western Pacific is addressing this 
problem, but this effort is severely limited by the drilling 
capabilities of the Glomar Challenger. Verifying subduc­
tion is not so simple as verifying spreading because the 
descending ocean crust is soon out of drilling range. Be­
cause subduction is thought to be a necessary conse­
quence of spreading, its existence is not much in doubt. 
Our questions are more concerned with subduction 
mechanisms and their consequences. 

For future studies of active margins, four requisites a~ 
emphasized here. 

1. Greater drilling capability, including both in­
creased drill-stem length and blowout prevention, that 
permits safe crustal drilling in the landward wall of 
trenches and backarc basins is essential to reach the sci­
entific targets. 

2. Multidisciplinary study. A combined geophysical 
and geological approach will be the most productive and 
definitive, because of the complexity of a<:tive margins. 
Recent advances in the multichannel seismic-reflection 
techniques, ocean-bottom seismographs, and deep-tow 
geophysics should be coordinated into a program of in­
vestigation. The use of submersibles should be consid­
ered. Drilling should be planned to provide three­
dimensional pich1res of active margins by placing a net­
work of holes in areas selected by both geologists and 
geophysicists. 

3. Downhole geophysics. In order to retrieve the 
maximum amount of information from expensive deep 
holes, downhole logging of sonic velocity, density, mag­
netic, electrical, thermal, and other properties of sedi­
ment and igneous rock must be measured. In situ stress 
measurements, made by such techniques as hydrofractur­
ing and overcoring, should be attempted in subduction 
zones and backarc regions. Holes could also be in­
strumented for long-term monitoring. In subduction 
zones, direct detection of dynamic processes such as 
seismic and aseismic displacements, crustal shortening, 
and shear-stress heating could open an entirely new 
range of investigation. (See Geller et al., 1977.) The basic 
technology for data acquisition and transmission in 
ocean-bottom interplate geodesy is already developed 
and is being used in other applications, making such a 
project entirely feasible in the near fuh1re. 

4. Ancient and modern analogs. There are differences 
between ancient margins now exposed on land and mod­
em margins that are largely covered by water. Drill cores 
would provide young rocks that are c·urrently in the initial 

stages of metamorphism and deformation seen in the 
rocks that outcrop in coastal mountains. Drill cores would 
give scientists modem analogs for ancient environment.. 
and, conversely, allow them to compare drill sample' 
with the products from ancient margins. Thus, an effort 
would be made to provide coherence between marine 
and terrestrial investigations. 

CONCERNING PRESENT DRILLING CAPABILITY 

Unforhmately, present technology is inadequate to sam· 
pie rocks at those depths where the subduction model h 
based largely on inference. There are, however, many 
shallower objectives of considerable significance that can 
be and that currently are being reached with Glomar 
Challenger capability (Scientists aboard Glomar Chal­
lenger Leg 57, 1978). 

1. Dating sediments in the accretionary wedge an· 
swers questions ahout rates of a<:cretion and enables us to 
make estimates of relative volumes between accreted and 
subducted sediment. For instance, it was surprising to 
find deformed Miocene sediment in cores from the 
midslope terrac-e of the central Aleutian Trench wall on 
Leg 19 of the DSDP, when deformed sediments from a 
similar site along the eastern Aleutian Trench were much 
younger (Pleistocene or upper Pliocene). The fonner sed· 
iments suggest little accretion and mostly subduction; tht> 
latter suggest just the opposite. 

2. Establishing the source from which the accreted 
sediment and volcanic rock came helps to interpret 
seismic-reflection records and to make geological <:ros~ 
sections. Is the deformed sediment scraped off the ocean 
floor, or has it come down the landward trench wall fmm 
terrigenous sources? Have parts of the continent bet·n 
involved in subduction? 

3. To study the mechanism of subduction quantita· 
tively, we have to know what the physical properties of 
sediments are and how diagenetic processes have af. 
fected them. Some sediments sampled from accretionary 
wedges during DSDP showed that they were subjected to 
very high pressure without much diagenesis. Thus, core\ 
from drill holes can provide information on tedonir 
stress, thermal environments, fluid migration, and ehemi· 
cal changes. Complex stmctures lead to complex veloci~ 
distributions in subduction zones. The tme depth in· 
terpretation of seismic-reflection lines is dependent on 
correct velocity assumptions. Therefore, we need accu· 
rate velocity measurements on the rocks penetrated by 
wells. Gravity data cannot be analyzed quantitative!~ 
without knowledge of rock density, and magnetk data 
similarly suffer from lack of measured magnetic susc-epti· 
bility. 

4. Probing into shallow depth ranges where geophysi· 
cal techniques are blind (the "acoustic basement") is im­
portant to resolve geological stmcture. Seismic-reOa·tion 
data at DSDP Site 181 (off the Aleutians) showed "acoustir 
basement" at a very shallow depth. Subsequent drillin~ 
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sampled highly de-watered and tightly deformed Pleis­
tocene muds below a regularly bedded layer of slope de­
posits. "Acoustic basement" is commonly seen at shallow 
depths in seismic records across landward trench walls, 
even in modern multichannel seismic-reflection records. 
Along island-arc margins, this basement is likely to be, 
though not always, igneous rock. 

5. Penetrating through the toes of accretionary wedges 
and into subducting igneous oceanic crust can be 
achieved in such areas as the Antilles. Here, oceanic sed­
iment appears to be accreting above a shallow and nearly 
horizontal thrust fault. 

CONCERNING FUTURE DRILLING CAPABIUTIES 

Further development of the subduction model requires 
drilling capabilities that exceed current technology and 
new geophysical measurements. 

1. The present model of subduction processes is highly 
inferential. The products of ancient accretionary prisms 
exposed on land appear to have been subjected to envi­
ronments 10-40 km deep. Technology in the foreseeable 
future may never allow sampling from such depths. How­
ever. some 5-6 km sampling in a few critical areas, with 
long-term downhole instrumentation and postdrilling 
geophysical surveys, could help us to elucidate at least 
the initial stages of deformation, shear-heating, 
diagenesis, and stress accumulation. Time-dependent 
behavior of plate convergence and subduction, rates of 
seismic and aseismic displacements, and the relation be­
tween episodic subduction and episodie spreading on the 
st·ale of tens of years would be directly observed. With 
the increase of drilling-depth capability, the scope of 
knowledge regarding the deep te<:tonic processes will in­
t·rease and the gap between the model at depth and ob­
servations in ancient active margins on land will be better 
llridged. 

2. It has often been inferred from seismic-reflection 
records that in the forearc basins, gently deformed upper 
Cenozoic sediments are unconformably underlain by 
Mesozoic basement. What is the significance of such a 
structure in relation to the geological evolution of 
trench-arc systems and orogenic mountain belts? Deeper 
drilling through thick sedimentary sequences in land­
ward slopes of trenches will enable us to unravel these 
basic questions. Effective blowout-preventing devices 
are needed for such a study. 

3. Deeper drilling in backarc basins will provide the 
most basic infonnation to determine age, crustal composi­
tion, and possibly the origin of backarc basins. Based on a 
wealth of geophysical data, such as gravity, magnetics, 
heat flow, and seismic structure, various hypotheses on 
the origin ofbackarc basins have been presented. But the 
key information to test these hypotheses is lacking; drill­
ing will provide many scientific answers and also signifi­
cant information related to the problem of hydrocarbon 
maturation. 
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Deep drilling should start with the simplest and most 
typical continental and island-arc-type margins, where 
subduction rates are estimated to be high and where the 
land geology is well known. Because of the high costs of 
deep drilling, only a few such areas should be selected to 
ensure a detailed multidisciplinary program that would 
consist of densely spaced series of holes in transect from 
the ocean basin to the entire backarc basin (when it 
exists), with several networks of holes in critical sites. In 
this regard, considering also the weather conditions and 
faunal abundances in sediments, Japan and Tonga­
Kermadec trench-arc-backarc systems and Middle to 
South American trench-arc systems would be best suited 
for the first target. Domestic considerations may, how­
ever, underscore the need for studying the Alaskan active 
margin. 

K. TRANSECTS ON ACTIVE MARGINS 

INTRODUCTION 

If there ever was a case for combined studies on land and 
in the oceans, it is on active margins. Institutions typically 
are concerned with either land research or ocean re­
search. Inadequate cooperation between the two kinds of 
institutions presents conspicuous obstacles to scientific 
advances regarding active margins. To correct this situa­
tion, such institutions need to begin working closely to­
gether. Active margins do continue on land, that is, on the 
island arcs and onto the continental mainland. Geological 
observations on land simply must be reconciled with the 
many new geophysical and oceanographic mea­
surements. The whole thing has to be viewed as one entity 
concerned with present and past subduction processes or, 
in more traditional terms, mountain building. 

The preceding pages have revealed how we are just 
barely beginning to preceive the complex c·onsequences 
of what is so simply-and maybe naively-summed up 
as subduction. We cannot tackle every subduction margin 
of the world. We have to be selective. We will fall back on 
the old geodynamics standby, the transect (or traverse, or 
corridor, as others call it). 

A transect that is 100-200 km wide would allow a 
three-dimensional geological and geophysical analysis of 
the crustal structure and stratigraphy of this complex 
zone. Furthermore, the frequent occurrence of igneous 
activity (from both island-arc volcanism and hackarc· 
spreading) in a broad zone provides a means of studying 
the nature and origin of the igneous crust in a number of 
convergent-zone settings such as oceanic-continental 
and intraoceanic subduction boundaries. 

All appropriate geophysical tools and techniques 
(deep-penetration seismic reflection and refraction, grav­
ity, magnetics, for example) will be required to elucidate 
the crustal framework (structure) of each transect. Geolog­
ical information from the oceans can be obtained by sam­
pling rock outcrops by means of bottom-transponder-
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navigated gear, submersibles, and drilling and on land by 
conventional outcrop sampling and terrestrial drilling 
techniques. Careful integration of all inforn1ation across a 
tnmse<:t should begin to give us a better image of the 
nature and evolutionary framework of active margins. 

Figure 8.10 sketches a synthesis of a transect. Note that 
all the geological information is based on surfa,·e map­
ping, as there are no wells in the area. Note that refraction 
infonnation is limited to the offshore because of difficult 
access on land. Note also large blank areas that have 
neither geological nor geophysical information. 

We assume that a general strategy (such as the one out­
lined in the recommendations for passive margins, pp. 
95-96) will prevail in the future. Assuming this, we 
cite some specifk targets for transects to make sure that 
some broad classes of problems will be covered. Our list­
ing of these examples is not intended to prejudge a future 
decision on traverse sites. That decision should come 
from a grass-roots level-from people most familiar with 
spe<:iflc areas. The decision should follow a thoughtfi.1l 
review of all scientific and logistic aspects. Ours are 
"such as" examples. 

ALASKA 

Alaska is the subject of many industry and government 
surveys. There are principles and concepts to be recog­
nized by research in Alaska. There, a swirl of mountain 
ranges connects the North American Cordillera with the 
mountains of Eastern Siberia. They extend from northern 

Yukon to the Bering Sea, which is, in essence, a complex 
of marginal seas. 

The active margin of southern Alaska is the youngest of 
many accreting subduction zones that extend from the 
Brooks Range in the north to the Alaska Trench in the 
south. Old ocean crust outcrops as the ophiolites of the 
Brooks Range. All of Alaska was active throughout the 
Tertiary, with folds deforming young Tertiary sediments 
near the northeast shore of Alaska, with young strike-slip 
faults (the Kaltag, Denali, and Castle mountain fault sys­
tems), and finally, with the subduction phenomena of 
southern Alaska. 

A geodynamic traverse on land, with deep crustal re­
fraction and reflection work, complemented by other 
geophysical measurements and surface geology, would 
be exciting. 

The southern portion of this traverse could be designed 
to investigate the tectonic and structural-stratigraphic 
development of the continental margin and adjacent 
mountain ranges (see also Figure 8.10). The rocks under· 
lying these ranges and the flanking margin record a com· 
plex, generally seaward, migration of an active Pacific 
margin during the past 200-250 m.y. The traverse crosses 
the present active margin, where Mesozoic subduction 
complexes and less-deformed beds of superimposed suc­
cessor basins are exposed, and the adjacent active margin 
and trench and then terminates on early Cenozoic oceank 
crust of the Gulf of Alaska. Global information suggests 
that since the late Paleozoic, as much as 10,000-15,000 
km of Pacific oceanic lithosphere have underthrust 
southern Alaska. 
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FIGURE 8.10 Structural section across Southern Alaska continental margin. (Courtesy ofR. Von Huene, G. W. Moore, and J. C. Moore. 
Redrawn by A. W. Bally.) 
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BERING SEA AREA 

:\ Bering Sea traverse investigates the seaward migration 
of the Alaskan-Asian margin and the formation of conti­
nental crust bordering the North Pacific during the past 
300 m.y. In this area, the history of marginal growth ap­
pears to involve the accretion and superposition of rock 
terranes that form at active margins. In the Cenozoic, a 
mammoth seaward displacement of the accretion site and 
the formation of the Aleutian Ridge (Bering Sea) may be 
forming new continental crust. 

The traverse should begin over the northern Bering 
shelf, where Paleozoic miogeosynclinal rocks (i.e ., 
passive-margin sequences) are exposed, and trend 
southward across the shelf nonnal to the largely sub­
merged terranes of magmatic arcs and subduction com­
plexes of late Paleozoic and Mesozoic age that structur­
ally connect North America and Asia. Continuing south­
ward, the traverse should cross the Beringian margin and 
the very large Cenozoic successor basins superimposed 
upon an older, extensionally rifted, Mesozoic subduction 
complex. Farther south, the traverse crosses the abyssal 
depths of the Aleutian Basin (Bering Sea; presumably 
imderlain by a fragment of Early Cretaceous Pacific 
lithosphere), the Aleutian Ridge, Trench, and Benioff 
Zone of Cenozoic age, and the bordering Pacific crust of 
latest Cretaceous and earliest Tertiary age. 

U.S. WEST COAST TRANSECTS 

The Plate Boundaries Group of the U.S. Geodynamics 
Committee, under the vigorous stewardship of John 
~faxwell, has assembled a set of cross sections that incor­
pordte geological and geophysical data soon to be pub­
lished. They are most useful to define remaining prob­
lems. The obvious common denominator of many of these 
sections is the lack of deep crustal reflection and refrac­
tion data. Many of them do not extend into the submarine 
continental margins, because the authors did not have 
access to modem multichannel sections. Several traverses 
are needed on the U.S. West Coast continental margin, 
but our comments are limited to two examples. 

1. Oregon-Washington Area: This traverse coincides 
with a thick section of accreted late Cenozoic sediments 
that form the outer part of the continental margin. This 
section is on the landward side of a filled trem:h that 
includes two large, superimposed submarine fans. Sev­
eral different types of accretionary mechanisms are 
suggested by the structural and stratigraphic framework 
of the outer margin. An older Cenozoic crust forms the 
core of the adjacent coastal mountains. This tmverse is 
designed to investigate the history of complex marginal 
growth, subduction, and unusually thin (20 km) crust he­
neath western Oregon and Washington. 

2. Southern California and the California Borderland: 
This is a classic area for a complex transform margin. If 
existing USGS multichannel lines and nonproprietary in-
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dustry [e.g., holes drilled by the consortium of petroleum 
companies, the Continental Offshore Stratigraphic Test 
Group (COST)] data are integmted with newly acquired 
detailed crustal measurements, we will get a more com­
prehensive, new conception of this area. The details of 
California's land geology would be much better under­
stood if this marine perspective were available. 

MIDDLE AMERICA TRENCH TRANSECTS 

This trench exhibits two strongly contmsting structural 
styles. Northwest of the Tehuantepec Rise in southern 
Mexico, very few accreted sediments are found on the 
inner trench wall, but southeast of the rise, seismic data 
indicate great thicknesses of accreted sediments . 
Throughout the southeastern region, the trench appears 
distinctly segmented, i.e., broken by transverse faults into 
blocks. Where the trench has been carefully investigated 
(off Costa Rica), scientists found that the blocks differ in 
levels of volcanic activity, slopes of Benioff Zones, and 
topography. 

The existing transects are being investigated off south­
em Mexico, Guatemala, and Cost Rica to study the ac­
cretionary mechanism, subduction dynamics, forearc 
basin structure, and segmentation. Methods include on­
shore and offshore seismicity studies, multichannel seis­
mic reflection, wide-angle seismic reflection, seismic re­
fraction, collecting magnetic and bathymetric data, cor­
ing, and dredging. Narrow-beam echo-sounding and drill­
ing techniques are included in the plans for the 
Guatemala and southern Mexico transects. Future plans 
are contingent on the results of the present efforts. 

CARIBBEAN TRANSECTS 

IDOE-IOC sponsored a meeting of Caribbean scientists in 
1974. They recommended a series of intersecting tran­
sects across the Caribbean and its borderlands. A colla­
tion of data obtained along a transect from the Atlantic 
(north of Puerto Rko) to the Vent•zucla craton was pre­
st•nted at tlw Caribbean Con).!ress in Curacao in the sum­
mer of 1977. This tmnsect showed the structure of the 
Puerto Rico Trench, the Greater Antilles, the Muertos 
Trough and its assoc·iated fold belt, the Venezuelan Basin, 
the fold belts of the Venezuelan margin, and the Ven­
ezuelan craton. Figures 8.11-8.13 from Ladd and Watkins 
(in press) show the foot of the Venezuelan margin folded 
sequence. 

Although no U.S. Government funds have been made 
available to support the transect work directly, a few U.S. 
and foreign investigators are pursuing and coordinating 
research in the transect areas. 

SOUTH AMERICAN TRANSECTS 

Pem-Chile traverses should be located in each of two 
regions: one of accretion over a long period of time 
(Chile) and one of possible tectonic erosion or con sump-
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FIGURE 8.11 Line drawing of a seismic section showing structure of Venezuela Trench, Curacao Ridge, and Los Roques Trench . .II.", 
a•, and B" are prominent basinwide reflectors; a, b, c, and dare thought to be reflections from ocean crust being subducted beneath the 
margin. [From Ladd and Watkins (1978 in press), with permission of the American Association of Petroleum Geologists.) 

tion (central Peru). The arc massif consists of a complex 
series of metamorphic rock ranging in age from Pre­
cambrian to Paleozoic. The dip of the Benioff Zone is 
relatively shallow in Peru and much steeper in Chile. 
Shallow and deep crustal studies could resolve the dif­
ferences in structural styles of these two regions and also 
determine what factors control accretion or tectonic ero­
sion in a given area. While the crystalline continental 

block exhibits both uplift and subsidence, the reasons for 
this large-scale tectonism are not fully understood. 

NORTHWEST PACIFIC PLATE DYNAMICS TRAVERSES 

A principal program of the U.S.-U.S.S.R. bilateral agret>­
ment in oceanography is the North Pacific Plate 
Dynamics Project. Five geological-geophysical traverses 
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FIGURE 8.12 Seismic section corresponding to upper part of Figure 8.11, Venezuela Basin, Venezuela Trench, and Curacao Ridge 
North Flank. [From Ladd and Watkins (in press), with permission of the American Association of Petroleum Geologists.) 

FIGURE 8.13 Seismic section <.'Orresponding to lower part (Curacao Ridge and Los Roques Trench) of Figure 8.11. [From Ladd and 
Watkins (in press), with permission of American Association of Petroleum Geologists.) 
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will be laid out across the Asian continental margin . This 
study aims to determine the ~eological evolution of the 
Asian continental margin fi·01n the Paleozoic to the Re­
cent. 

A geological-geophysi<:al traverse has been designed 

~RIDGE 
~TRENCH 
- TRANSECT ZONES 

that starts inland of the Okhotsk Sea; moves along tht· 
Amur River, crossing the Paleozoic-1\lesozoi<: sequcnct> 
of the Asian continent; crosses the Cenozoic fold zone of 
the Sakhalin Island into the Knril Deep; extends acros~ 
the Kuril Island Arc sequence and the Kuril Trench across 

-

,~.-----~----~------~----.-----~----~------~ fi(/J 100" 111f 

FIGURE 8.14 East and Southeast Asia transects. (From Hayes, 1975.) 
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the Jurassic-Cretaceous ocean floor of the Pacific; and 
tt'rminates at the Shatsky Rise. 

Involved in this project are the USGS, the i\:ational 
Oceanic and Atmospheric Administration, U.S. academic 
institutions, and the U.S.S.R. Academy of Sciences. Ships 
from both the United States and the Soviet Union will lay 
out long lines of ocean-bottom seismometers and elec­
tromagnetic and heat-flow arrays on the ocean floor. Mag­
netic and gravity traverses will also be made and ex­
tended to land-based geological and geophysical 
traverses. The project has been approved by hoth the 
llnited States and the Soviet Union and will start in 
l9i8-19i9, with two ships from the United States and 
two from the Soviet Union participating. Land-based 
seismic ohservations will be made by both nations on 
Sakhalin Island and in the Kuril Archipelago to supple­
ment the marine seismic traverses and to use the natural 
seismicity of the Kuril Islands to study deep lithospheric 
stnl<:ture. 

EAST AND SOUTHEAST ASIA TRANSECTS 

The transect concept was adopted in Septemher 19i3, at a 
l'Ombined CCOP-IOC-IIX>E workshop in Bangkok. As part 
of a larger program, it was decided to concentrate on six 
transeets (shown in Figure 8.14), with U.S. participation 
worked out by a steering committee. The major elements 
of the current program are the li)llowing: 

l. A synthesis of existing marine geologit-al and 
geophysical data; 

2. A plan l(Jr a two-ship refra<:tion program and other 
geophysical sh1dies of the Banda Sea area; 

3. A study of ig1wous and metammvhic processes in 
part of the Philippines (in cooperation with the Philip­
pine Government); 

4. Island (e.g., Nias and Sumatra) geological studies 
(largely in cooperation with Indonesia); and 

5. Seismicity studies of plate boundaries and intraplate 
tecton i<:s. 

The total program extends ove r five years to the cur­
rently scheduled end of the IDOE. Scientists involved in 
the program are from Cornell University , Lamont­
Doherty Geological Ohservatory, Scripps Institution of 
Oceanography, and Woods Hole Oceanographic Institu­
tion. 

IDOE pioneered the transect concept in several of its 
Seabed Asse ssme nt Programs. The Southeast Asian pro­
gram in progress is a fine example of the potential of a 
joint effort involving many nations. Further plans may he 
formulated when the results of this work are in and when 
the current active-margin drilling plans of the IPOD-DSDP 

Project are completed. 

SEISMOLOGIC STUDIES ON ACTIVE MARGINS 

Seismologists d e veloped the concept of the sinking 
lithospheric slab, a major contribution to the plate-tee-
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tonics revolution. \Vorking to predict earthquakes, much 
of their effmt is concentrated on active margins. Chapter 
10, "Seismicity and the Deep Structure of Continental 
~Iargins," reviews active-margin problems. Referring to 
that chapter, we here flag three main areas of interest: 

l. Stress and strain studies of passive margins; 
2. The fate of the suhdueting slab; and 
3. Long-term monitoring of subduction dynamics. 

L. RECOM~fENDATION 

\\'e recommend integrated transect studie,~ of active 
margins. The strategy lor such a study is the same as 
outlined in the first passive-margin recommendations, 
i.e., 

1. Compile previous work; continue reconnaissance on 
land and sea, with emphasis on multichannel seismic data 
and long refraction lines; 

2. Narrow down to regional shtdies on land and sea; 
3. Concentrate on one or more typical transect hands; 

and 
4. Complete the study with deep-drilling programs, 

using current drilling capabilities on shelves and, even­
tually, deep riser-drilling (i.e., Glomar Explorer ) for 
slopes and rises. 

For active margins, we add the following: 

5. Include emplacement of long-tenn monitoring de­
vices in the subducting and overriding plates of con­
vergence zones to assess and evaluate the dynamic pro­
cesses associated with plate convergence. Temporal ob­
servations of seismic events, the stress-strain field , fluid 
distribution, and crustal displacements all will assist in 
developing more precise evolutionary models for active 
margins and for interpreting the geological and geophysi­
cal data in these areas. 

\Ve note that such traverse plans are well under way in 
Southeast and Eastern Asia and that they are planned in 
the :'1/orthwest Pacific as part of the U.S.-U.S.S.R. bilat­
eral agreement. We look forward to the synthesis of the 
work undertaken in the Nazca Plate Project off South 
America. Also, we support and add our encouragement to 
the efforts of U.S. sc·ientists to instigate a transect program 
in the Caribbean and Central America. 

We are d eeply troubled that there is so little effort to 
work on U.S. active margins. Alaska and the U.S. West 
Coast offer some uniquely interesting scientific opportu­
nities . The work of the U.S. Geodynamks Committee's 
Plate Boundarie s Group is a use ful first step in the right 
direction, hut new geophysical measurements are needed 
in order to understand our own active margins . \Ve rt'c­
ommend that such measurements be made with dispatch. 
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9 
Mobile Fold Belts 
and Ancient 
Continental Margins 

INTRODUCTION 

In the great mountain ranges of the world, geologists can 
actually see the product of processes that occurred deep 
in the earth. Mobile fold belts contain remnants of ancient 
continental margins, and large uplifts in these belts allow 
us to view the product of earlier deep crustal processes 
related to subduction. Present subduction occurs on ac­
tive margins and profoundly influences wide areas within 
the adjacent continent. 

We all stand in awe before high mountains, yet, there 
are even higher topographic features hidden under the 
oceans. In addition, the basement underlying episutural 
sedimentary basins is commonly 6-9 km deep, and a very 
large portion of the megasuture is underlain by such deep 
basins (Figure 8.6). These basins were formed during and 
in conjunction with Tertiary subduction processes and 
form an integral part of the history of mobile belts . Be­
cause they were discussed previously, we will not dwell 
on them any longer. Instead, we will concentrate on the 
fold belts themselves. 

In approaching this subject, we would first like to dis­
cuss some crustal aspects of mobile fold belts as we see 
them today. Then, we will comment on the reconstrut·tion 
of mobile fold belts. (Such reconstructions, in fact, ulti­
mately depict ancient t•ontinental margins.) Finally, we 
will select examples to show the relevance of studying 
outcropping, old "geosynclinal" rocks and compare those 
rocks from today's continental margins. 

130 

THE "BASEMENT" OF FOLD BELTS 

Typical fold belts display outer zones with folded and 
thrusted sediments and an inner, dominantly igneous 
zone. Rocks in the inner igneous zone include fragments 
of oceanic crust; fragments of rigid continental crust that 
has been mobilized and metamorphosed during the for· 
mation of the fold belt; intrusions; and more or less 
metamorphic, deformed sedimentary and volcanic se· 
quences. 

Ignoring sediments, volcanics, and instrusions, the 
basement of folded belts consists of the following types 
(for example, see Figure 9.1): 

1. Oceanic basement involved in the subduction pro· 
cess. These are the ophiolites (an association of ultramafic 
rocks, gabbros, sheeted dykes, pillow lavas, and the over· 
lying deep-sea sediments, i.e ., radiolarian roc·ks). Scien· 
tists have not determined whether ophiolites are frag· 
mcnts of true oceanic crust or whether they represent 
marginal sea crust. Reliable geochemical criteria to dif· 
ferentiate between the two are lacking. 

2. Downward continuation of rigid continental sialic 
lithosphere of the continental cratons under the outer 
margin of the folded belt in A-subduction zones. 

3. Rigid continental basement that experienced inter· 
nal uplifts but not remobilization. (Rocks yield radiomet· 
ric ages that are indicative of the age of an old basement.) 

4. Remobilized sialic crust (characterized by flow folds 
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in orthogneisses and their metasedimentary cover). These 
rocks are widespread in many folded belts (e.g., Shuswap 
complex of the Canadian Cordillera, Pennine nappes of 
the Alps). Pervasive thermal events in these areas 
mobilized the old sialic basement, caused partial melting 
of basement rocks, and reset the radiometric clocks. This 
is reflected by young radiometric age determinations that 
often overprint older basement ages. By field work, 
geologists have been able to correlate such young 
mdiometric ages with main deformation phases in the ex­
ternal zone of the folded belt. 

Mobile Fold Belts and Ancient Continental Margins 131 

From this, it is evident that mountain ranges are formed 
in a nonrigid manner that involves flow-folding of large 
portions of sialic crust. So, strictly speaking, a theory of 
rigid-plate tectonics is not applicable to observations in 
mountain ranges. Viewed over longer geological time 
spans (say, of the order of 10 million years), rigid-plate 
tectonics can be directly applied to most areas that are 
outside our megasuture but not to the genesis of the struc­
tures inside that megasuture. 

If sialic crust is really "softened" in the manner 
suggested, it would be important to determine the begin-

0 50 100 150Mi 

--
•• 

BASEMENT TYPES 

OCEANIC CRUST 

OPHIOLITES OR REMNANTS 
OF OLDER OCEANS OR 
MARGINAL SEAS 

~ RIGID PE CRATON AND 
Y. Y. y. ITS CONTINUATION 

BELOW A·SUBDUCTION 
ZONE 

REMOBILIZED SIALIC BASEMENT 

---- PARAGNEISS 

-~ ORTHOGNEISS 

+ + + GRANITIC INTRUSIONS 
(IN PART) 

0 100 200 Km 

SEDIMENTS AND VOLCANICS 

MIOCENE BASALT FLOWS 

MARINE NEOGENE 

MESOZOIC SUCCESSOR 
BASINS (EPISUTURALI 

~ FOLDED PALEOZOIC 
-:::.> SEDIMENTS AND 

VOLCANICS 

STRUCTURAL SYMBOLS 

SEDIMENTS 

MESOZOIC FOREDEEP 
CLASTICS 

PALEOZOIC PASSIVE 
MARGIN SEDIMENTS 

~ PE BELTIAN PASSIVE 
MARGIN SEDIMENTS 

:::::::::= POST OROGENIC(?) liSTRIC NORMAl FAULT 

R.M.T. ROCKY MTN. TRENCH 

\. POST OROGENIC (?) TRANSCURRENT FAUlT (FRASER) 

~ THRUST FAUlT 

FIGURE 9.1 Schematic section across Southern Canadian Cordillera. 
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ning and duration of the softening process. Mountain­
building (orogenic) processes typically stretch over some 
80 million to 100 million years. But there is debate 
whether the process is more or less continuous, or 
whether worldwide folding phases occur. The softening 
of the basement appears to begin early and to continue 
intermittently throughout the mountain-building process. 
Cooling follows the thermal "softening" event and is re­
flected by K-Ar radiometric ages of igneous rocks. 
Potassium-argon dates suggest uplift and often corre­
spond with phases of intensive clastic deposition in the 
adjacent foredeeps. 

Can "softening" of a sialic crust be detected today by 
geophysical means? Long-distrance refraction surveys in 
the Alps and Apennines have been interpreted to suggest 
seismic-velocity reversals in the crust. (See Angenheister 

eta/., 1972; Giese eta/., 1976.) Some geophysicists ques­
tion the existence of these velocity reversals. Even if they 
do exist, different geological interpretations of them can 
be made. A high-velocity lower crust and mantle may 
have been thrust over higher (low-velocity) crust, or they 
may simply indicate hotter rocks. 

The uncertainty of the interpretations, and the fact that 
the debate is directly related to the mode of deformation 
of continental crust adjacent to an active subduction zone, 
puts a high premium on crustal studies in Cenozoit­
Mesozoic mountain ranges. Most of these measurements 
will have to be made on land, but some could be done in 
the sea (e .g., Timor, Eastern Mediterranean). 

Modern reflection seismic techniques, supplemented 
(when needed) by the judicious use of refraction work, 
should provide significant new insights into the nature of 

a 7 6 5 4 I wlr1y v 

FIGURE 9.2 Diagram showing orogenic 
events in the circum-Pacific area. (From 
Matsumoto ( 1977). Reproduced by per­
mission of the National Research Council 
of Canada.] 
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the lower crust and mantle of folded belts. The initial 
su(.-cess of the COCORP program should encourage aggres­
sive planning in this area. All work will have to be sup­
ported by conventional geophysical surveys (gravity and 
magnetics) and detailed surface and subsurface geology. 
Such work is an indispensable preamble for a program of 
continental drilling in the Cenozoic- Mesozoic folded 
belts. Not unlike IPOD-DSDP drilling, the scientific sig­
nificance of a continental drilling program is critically 
dependent on good reconnaissance combined with first­
class, detailed site surveys. 

RECONSTRUCTIONS OF FOLDED BELTS 

In a recent paper, Matsumoto (1977) has compiled evi­
dence suggesting that the circum-Pacific has been the site 
of intermittent subduction since the mid-Paleozoic. The 
phenomena plotted on Figure 9.2 are all directly related 
to subduction processes. Combined with Figure 5.1, the 
breakup of Pangea, we visualize a long-lasting subduction 
regime always hugging the continents that today sur­
round the Pacific. 

In order to follow the subduction process back in time, 
methods of reconstructing ancient folded belts have to be 

VOlCNUC ••n 
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devised. Some of the genetic types of folded belts that are 
recognized are as follows: 

(a) Some folded belts are due to the alternating cre­
ation and collapse of marginal seas and backarc basins. 
This concept has been developed by E. Scheibner for the 
Tasmanides of Australia (see Figure 9.3). That marginal 
basins have a short life span is suggested by the over­
whelming majority of today' s basins, which are only Ter­
tiary in age. Few, if any, older marginal basins are pre­
served and intact in ancient mountain ranges. 

(b) Other folded belts, such as the Alps and the 
Himalayas, are thought to result from the collision of two 
continents, in which one continent (e.g., Australia) rides 
on a lithospheric plate being subducted under another 
continent. The two continents collide. What first was 
B-subduction turns into A-subduction, as the subducted 
continent is forced under the overriding plate. Because of 
its buoyancy, the "subductee" cannot go far, but the pro­
cess is responsible for producing high mountains and 
forming foredeeps such as the oil-rich Middle East Basin. 

(c) Some folded belts caJJture small continents, the 
vicissitudes of subduction being such as to virtuaJly sur­
round a continent by folded belts. An excellent example 
of this is the Szechuan Basin in China, where an old Pre-

FIGURE 9.3 Block diagrams illustrating 
a reconstruction of the basic tectonic units 
of the Tasman fold belt of New South 
Wales. [From Scheibner (1976). From the 
explanatory notes on the tectonic map of 
New South Wales, reprinted by permis­
sion of the Geological Survey of New 
South Wales, Australia.) 
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cambrian platform is surrounded on all sides by Mesozoic 
and Paleozoic fold belts . 

(d) Lastly, there are fold belts with obvious strike-slip 
deformation, such as southern California, Alaska, New 
Zealand, the mountains of Afghanistan and Pakistan, and 
the CaribbeaJi borderlands of South America. 

Without reconstructions of folded belts, we are not 
likely to understand our active margins. Three ap­
proaches offer some possibilities of understanding the 
development of mobile belts: 

1. Paleomagnetic work has helped to determine the 
paths of drifting continents. For the Paleozoic, there is no 
pristine-that is, neither subducted nor obducted­
ocean cmst known. Therefore, the positions of continents 
cannot be reconstructed by matching magnetic stripes. 
However, paleomagnetic methods can be used on well­
dated, synchronous rocks of any age in mountain ranges to 
resolve three questions : 

(a) Do arcuate-fold trends reflect primary structures 
preceding the folding, or is the arcuate nature due to the 
folding processes? 

(b) What rotations did any portion of a folded belt 
undergo with respect to an adjacent stable craton? 

(c) Were specific areas in the folded belt in the same 
latitudes brought in later by strike-slip movements? 

2. Reflection seismic work in subduction zones fre­
quently allows us to map the continuation of the top of the 
underthrust crust below the folded belt. This is particu­
larly true for A-subduction zones, where continental crust 
slips under the folded belt. Petroleum geologists have 
mapped and explored such areas in great detail, and re­
constructions were worked out and published many years 
ago. It is true that such reconstructions cannot be made 
with any assurance in B-subduction zones, because there 
are no deep wells penetrating the accretionary wedges 
we see on reflection seismic data. Reconstructions for 

FIGURE 9.4 Alpine collision. (After Ar­
gand, 1924.) The top of the figure is a de­
tailed drawing of the left-hand side of the 
center section of the figure. 1, Africa; 2, 
Eurasia; 1-VI, Pennine remobilized 
basement folds; a, b, c, rigid basement of 
Alpine foreland. 

B-subdu<:tion zones will have to wait for the results of 
current and future !POD-DSDP drilling. 

3. Scientific drilling on continental margins could, in a 
number of cases, be undertaken more safely and would be 
cheaper on land. IPOD drilling is, by definition, confined 
to the oceans. Yet, some of the problems addressed br 
IPOD conceivably could be solved on land. The reports 
from the Ghost Ranch Workshop (Shoemaker, 1975) and 
the recommendations of the Panel on Continental Drill­
ing of the Federal Coordinating Council on Science, En­
gineering, and Technology Committee on Solid Earth 
Sciences ignored this aspect of continental drilling. We 
recommend that a special panel study the potential of 
continental-margin drilling on land. 

Sections across active margins and their associated 
subduction zones are strikingly barren of deep-seismk 
information in areas underlain by islands. The reasons for 
this are that seismic data in these areas are difficult to 
obtain; they require a different type of logistics; and 
commonly, geophysicists anticipate that results in this 
type of terrain will be unsatisfactory. However, consider· 
ing the often nondescript nature of the "accretionary 
wedge" on marine seismic lines (see Figure 9.5), it would 
appear to be just as good, but cheaper, to calibrate such 
melange complexes on land. A similar case for drilling on 
land could be made for a better determination of the rocks 
underlying the volcanoes of island arcs, but here again. 
any work would have to be preceded by the acquisition of 
adequate geophysical data. 

Examples of specific areas that might be attacked art' 
most islands on island arcs (e .g., Barbados, Kodiak, :-\ias 
Island in Indonesia) or areas where marine subduction 
zones come on land (e.g., the west coast of Colombia, the 
Olympic Peninsula of Washington, or the Nicoya Penin· 
sula of Costa Rica). These areas are probably the most 
difficult to cover with reflection seismic techniques, hut 
the data for marine accretionary wedges are not very good 
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FIGURE 9.5 Reconstruction of Alpine Geosyncline at the end of the Jurassic. (Redrawn after Laubscher and Bernoulli (1977).1 

either. A deep well into the no-data zone could give some 
solid information where none is obtainable by other 
methods. 

GEOLOGICAL FIELD OBSERVATIONS ON 
ANCIENT MARGINS 

For de<:adcs, geologists went to the mountains to study 
outcrops. Theories of mountain building were derived 
largely from such work. As early as 185i, James Hall oh­
st>rved in the Appalachians that intensely folded sedi­
ments were several times thicker than limnations of the 
~arne age in undisturhed regions. This led to the devel­
opment of the geosynclinal theory of mountain 
lmilding-that no mountain range could form without 
thkk sediments being deposited llrst. Toward the end of 
the last century, European geologists decided that deep­
sea sediments out<:ropped in the li>lded belts . Later, 
ophiolites and the overlying radiolarian rocks were rec­
ognized as originating the deep sea. Theories de,·eloped 
that postulated deep oceans in the Alpine geosyncline. 
flanked by an African shelf and a European shelf. ~lll(:h 
later, following a suggestion hy Drake et al. (19.59). 
geosynclines were compared with continental margins. 

Through the years, many scientists have tried to recon­
~tmct the original sites of deposition of sediments limnd 
in folded belts. Elaborate drawings illustrated many types 
of subsiding basins filled with thick sediments and vol-

canics (the geosynclines), hut no one really knew what a 
simple, nondeformed basin looked like. Only in the last 
decades have reflection seismic lines revealt•d the anat­
omy of such basins and their regional setting. Geophysi­
<:al data obtained on continental margins, drilling data 
from industry, and DSDP data from the deep oceans han:' 
been most helpful. 

\Ve now study stratigraphie sections in mountain ranges 
by comparing them with their analogs on continental 
margins and in the deep oceans. 

SUTURE ZONES-BOUNDARIES OF UTHOSPHERIC PLATES 

1 n 1924, Argand held an advant·ed concept of the 
Alpine-Himalayan ranges. He considered them to he the 
product of a continental collision . He pointed out that 
stratigraphie sequences in the northern Alps belonged to 
the Eurasian shelf, that those in the southern Alps he­
longed to the African shelf, and, in betwt>en, he recog­
nized oceanic st>dinwnts. Figure 9.4 dramatically illus­
trates how he perceived the collision . A modern drawing 
of the Alpine gt>osyncline was made by Laubscher and 
Bt>rnoulli ( 19ii). In their illustration (Figttrt> 9.5) we can 
dearly JWr<:ei\·e the riltt>d edges of Europe and Africa and 
the opening Tethys in the middle. 

GeoloJJ:ists now can recognize the deep-water se­
ctuences and tlwir associated ophiolitt•s <:aught in narrow 
suture zones that separate the colliding lithospheric 
plates. Such suture zones are often characterized by 
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hi~h-pressure, low-temperature mineral assemblages 
(blueschists), pelagi<: sediments, ultrabasi<:s, associated 
gabbros, and pillow lavas. These rocks appear to be mixed 
into an incoherent, chaoti<: mass-the melange. Fine ex­
posures of melange sequences can be seen in California, 
Washington, Oregon, and Alaska. 

Dating radiolaria and other microfossils in cherts and 
pelagic sediments that overlie the ophiolites can establish 
the time of ophiolite formation and helps to bracket the 
time that these units were structurally emplaced; that is, 
the time of subduction. 

BORDERLANDS 

Geologists working in mountain belts often try to explain 
the presence of volcanic or plutonic rocks and the pres­
ence of extracratonic clastic sources by postulating an­
dent vokanic island arcs or remnant magmati<: an:s that 
rifted. Microcontinental blocks involving rifted continen­
tal margins that drifted offshore with marginal ocean ba­
sins fom1ing behind them also fonn important borderland 
tt'rranes. Identification of these various classes of border­
lands is esst'ntial in order to understand the tectonic his­
tory of many formerly active continental margins that now 
are preserved in continents (Churkin and Eberlein, 1977). 
Today, only Alaska, California, and the northeast margin 
of Canada have of£~hore borderlands. 

In the geological record, however, offshore borderlands 
appear to have been active along the margins of the primi­
th·e North Amerkan continent, including the Arctic. The 
western Pacific margin appears to be a good current 
analog for much of the Paleozoic history of the Cordille­
ran fold belt, the Appalachian fold belt, and for the Innui­
tian fold belt along the Arctic margin. 

Some of these ancient borderlands may he t·ompletely 
fi>reign plates or blocks that collided with the North 
American continent. Some scientists hypothesize that 
they came from Asia, from parts of Europe, and so forth. 
Other borderlands presumably were emplaced by 
strike-slip movement along an ancient continental mar­
gin. 

Studies of modern-day borderlands that contribute sed­
iment to basins adjoining a continental margin reveal 
t·riteria for identifying modes of sediment transport and 
directions to sediment sources . Similarly, vokank erup­
tions distribute ash and other forms of volcanic' detritus by 
either wind or ocean currents. The distance that variously 
sizt'd matt'rials can be transported from volcanic' arcs and 
the mode of pyroclastic act·umulation bear on the search 
for the location of volcanic centers within or adjacent to 
old arc terranes. 

Borderlands and vokanic arcs have long been thought 
to be stepping-stones or centers of evolution for 
shallow-water faunas that apparently move from island to 
island, thus distributin~ themselves over wide parts of 
major o<:ean basins. The role of islands and borderlands is 
of great interest to students of paleogeography, in that 
Stt(·h entities may have aided faunal migration. Volcanic 
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art·s, and particularly borderlands, may havt' aded as har­
riers to fossil distribution, so that shallow-water or­
ganisms may have been prevented from moving across 
deep marginal seas or across major ocean basins. 

THE WESTERN CORDill.ERA OF THE UNITED STATES 

The geology of the Basin-and-Range Province of western 
Utah and Nevada is highly complex. The stratigraphic 
record extends from the Precambrian to the Tertiary 
(Stewart et al., 1977). The structural geologist sees thrust 
faults, strike-slip faults, and normal fimlts in addition to 
folds and large slump structures. Geophysicists ret·ognize 
an attenuated crust and areas of high heat flow. 

The geological record is incomplete, yet we know 
enough to realize that we are looking at the complex 
t'volution of a contint'ntal margin. Figures 9.6(A)-9.6(C) 
give some interpretations. Figure 9 .6(A) shows a 
simplified, stratigraphk cross section of the lower 
Paleozoic. These beds were underlain by grt'at thkk­
nesses of Proterozoic sedimt'nts, and the st'ction, there­
fi>rt', shows only a short interval of the area's evolution. 
Figurt's 9.6(8) and 9.6(C) show two differt'nt arrange­
ments of the same stratigraphic data, suggesting a 
passive-margin arrangement and an island-arc arrange­
ment. The passive-margin arrangt'mt'nt can ht' rejected, 
because it places the thick vokanic sc<JUences of tht' 
Sierra Nevada in an uncommon basinal position for which 
there is no recent analog. Figure 9.6(C) is more satisfac­
tory but poses a problem because the passive margin on 
the right is known to extend all the way from the nmthem 
Yukon to southem Nevada. We also know that this margin 
subsided from the late Proterozoic until the end of the 
Pt'tmsylvanian, more than 700 million years. Passive 
margins do not t·mmnonly persist that long; nor are they 
expected to he that continuous in marginal-basin settings. 

Figure 9.7 shows Churkin's (1974a) "time-and-motion" 
drawings of the area. He suggt'sts that the Great Basin 
was a site of marginal basins opening and dosing behind 
volcanic arcs during much of Paleozoic time. A long pro­
cess of sedimentation and defonnation followed through­
out the Mt'sozoic, modifying the originally ot·eanie cmst 
to continental crust. In the Cenozoic, alter at least 40 m.y. 
of quiesct'nce and stable conditions, substantial crustal 
and upper-mantle changes occurred. Thest' are recorded 
hy elevation of the entire region, crustal extension result­
ing in basin-and-range faulting, t•xtensive volcanism, high 
heat flow, and a low-velocity mantiC:'. These phenomena 
are superimposed on the inherited suhcontinental crust 
that developed from an occanil' origin in Paleozoil' time 
and that possibly retained some of its thin and layered 
characteristics. The present anomalous crust in the Great 
Basin represents an accretion of oceanil' gt'OS)IIldina! ma­
tt' rial to a Precambrian continental nucleus. This accre­
tion apparently was an intermediate step in tht• process of 
converting oceanic crust to a stahle continental landmass 
or craton. 

These interpretations are speculative. To place them on 
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FIGURE 9.7 Preliminary recon­
stn.ction of the major stages in the 
Paleozoic development of the 
western margin of North America. 
[From Churkin (1974a). Reprinted 
by permission of the Society of 
Economic Paleontologists and 
Mineralogists.] 
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llmwr ground, we must establish criteria to detennine the 
water depth and physiographic setting in which a 
sedimentary rcx:k was deposited. To accomplish this, fos­
sil assemblages must he interpreted in terms of the site of 
burial. 

l~NCONFORMITIES 

Perhaps one of the most unsettling discoveries marine 
)!eologists have made is the widespread occurrence of 
continental slope and deepwater unconfonnities . In the 
past, stratigraphers commonly believed that unconfor­
mities represented emersion from the seas and subaerial 
exposure. Some studied the paleogeomorphology of such 
uneonfom1ities in considerable detail. Mueh of their work 
is ~till valid. But uneonfom1ities oceurring in and under 
the oee<ms add an entirely new dimension to traditional 
stratigraphy. 

\lost slopes are unstable. Sediments are not easily pre­
sen·ed there. The inherent instability of slopes is further 
accentuated hy the presenee of deep geostrophie (con­
tour) currents. \Ve know very little about sedimentation 
(or nonsedimentation) on <.:ontinental slopes. \Ve need to 
idt>ntify fi>ssil slopes in mountain ranges, hut it is difficult 
to re<.·ognize and reconstruct them. 

Seismic stratigraphy is making a welcome impact on 
the solution of these prohlems. Modern multkhannel 
seismic-reflection data are providing exciting strati­
graphic details on modern and ancient slopes in sedimen­
tary basins. To put outcropping rock sequences in the 
correct perspe<."tive, seismk observations must he merged 
with lithologic and paleontologic studies done by surfilce 
geologists. 

DEEP-SEA TURBIDITES 

Deep-sea turbidites (sediments and rocks deposited from 
density currents) have been identified by deep-sea drill­
ing and dredging activities. It is important to trace these 
turbidites back to their source. This leads to the study of 
sediment dispersal patterns and their relation to sub­
marine canyons and deep-sea fan deposits (Figure 3.6). 
Criteria that allow us to identify coarse-grained turbidites 
as channel deposits in deep-sea fans or as nearshore de­
posits can also help us to identify similar ancient rocks. 
Sedimentary structures and fossils, such as bedding-plane 
feah1res, sizes of clasts, orientations of clasts, and in faunas 
(organisms that live in sediments rather than on them) can 
be used to differentiate between a coarse-grained, con­
glomeratic, channel deposit and a nearshore conglomer­
ate that is interlayered with deeper marine sediments. 

Continental-rise deposits that accumulated at the base 
of an ancient continental slope are coalesced units of de­
tritus that traveled down the slope through submarine 
canyons. Criteria for separating channel deposits from in­
trachannel deposits are needed. Efficient physical depth 
markers are also needed to calibrate fades in mountain 
belts. Paleoecological studies may be valuable in deter-
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mining depth indicators and give dues to the character 
and pattern of water circulation. 

Allochthonous debris-flow deposits involving carbon­
ate detritus from reef or bank margins are known. Criteria 
by which to recognize allochthonous breccias and con­
glomerates have been developed. Much less is known, 
however, of noncarbonate detritus that has no associated, 
obviously displaced faunas. 

We are at a stage where the transport and deposition of 
coarse-grained submarine debris flows need to be studied 
in modern sedimentary environments, in flume and other 
laboratory studies, and compared with ancient deposits. 
We need to know how the processes affect the geometric 
pattern of the deposit in turbidity flows and sediment 
fluidization. Examples of this type of study are the work 
of Ingersoll (1976) and papers in Stanley and Kelling 
(1978). 

Good places to conduct field sh1dies of ancient exam­
ples are the following: 

Upper Paleozoic of the Innuitian fold belt in Arctic 
Canada 

Lower Paleozoic of Yukon Territory 
Middle Paleozoic of Alaska 
Middle Paleozoic of Basin-and-Range Province 
Cretaceous of Mexico and southern California 
Tertiary of California and Oregon 

STUDY THE OLDEST ROCKS IN OUTCROPPING 
MIOGEOSYNCUNAL SEQUENCES 

"Miogeosyncline" was the name for the realm in which 
thick sequences of nonvolcanic rocks were deposited. 
Today, this is the "ancient passive margin." Although 
many geologists claim that such passive margins outcrop 
in mountain ranges, it is not certain that the outcropping 
sequence was, in fact, part of a continental margin. Fur­
thermore, the outcrops are often discontinuous, badly de­
formed, and not easily compared with a good multichan­
nel seismic line. 

Nevertheless, it would be useful to take a concentrated 
look at the deepest portion of geosynclines that may be 
ancient passive margins. Fieldwork would help to distin­
guish the rifting from the drifting phase. One mountain 
range already has been studied in this manner-the Alps 
(see Figure 9.5). Others that might be investigated in­
clude the lower Proterozoics of southeast British Colum­
bia. They contain widespread turbidite sequences that 
are riddled with sills of basic intrusive rocks, and they 
appear to be on an early continental rise. This may be an 
example of an outcropping ocean-continent boundary. 
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10 
Seismicity and 
the Deep Structure of 
Continental Margins 

A. INTRODUCTION 

~lost of the earth's seismic activity is concentrated along 
the margins of continents (Figure 10.1). Destructive or 
potentially destructive earthquakes occurring at shallow 
depths within these margins account for well over three 
fourths of the earth's total seismic-energy production. 
Earthquakes are evidence of the continuing violent pro­
cesses that have shaped continents over eons of geologi­
cal history. 

The theory of plate tectonics has provided an explana­
tion for why so many of the great earthquakes are concen­
trated in narrow zones: most continental margins are, or 
have been at some time in the past, the boundaries be­
tween major lithospheric plates engaged in geologically 
rapid motion relative to each other. These motions give 
rise to the stresses that cause large earthquakes and that 
c:ontinually modify the face of our planet. 

To fully understand the dynamics of destructive 
earthquakes and the fundamental mechanisms that cause 
them, we need to increase our knowledge about the struc­
tures and dynamics of continental margins. An adequate 
understanding of these problems will fail to emerge if we 
confine our attention to the upper levels of the crust; our 
studies must extend deeply into the earth's mantle. 

Besides being directly relevant to dynamical questions, 
the information gleaned from studies of the deep struc­
ture of margins is critical to any theory of the evolution of 
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continents. The nature of the subsurface transition from 
the oceanic to the relatively stable continental environ­
ment is not at all well understood. Geophysical data indi­
cate that profound differences between oceanic and con­
tinental crusts extend well into the upper mantle . At these 
depths, the transition zone includes not only today's con­
tinental margins but nearly all tectonically active regions 
of the continents-which generally are regions that were 
continental margins at some time in the relatively recent 
geological past. 

B. SEISMICITY OF THE MARGINS 

Global networks of seismometers are capable of locating 
most potentially destructive earthquakes (magnitude 
> 4.5 on the Richter s<.-ale) with a precision of about ± 25 km. 
However, much can be learned about the tectonics of 
seismically active regions by monitoring smaller events 
and locating them with increased precision. That kind of 
work usually requires local or regional networks of seis­
mometers that are separated by tens to several hundreds 
of kilometers. Accurate location also requires good 
azimuthal distribution of stations around the soun:e re­
gion. For continental-margin seismicity, this coverage 
cannot be achieved with land-based stations alone. They 
must be augmented by seismometers properly sited in the 
marine environment. Recent advances in the technology 
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FIGURE 10.1 The distribution of earthquakes of magnitude 7.5 or greater, 1897-1974. (Courtesy of the National Oceanographic and 
Atmospheric Administration.) 

of ocean-bottom seismometers (OBS) at a number of uni­
versities and oceanographic institutions now pennit such 
seismic investigations to be done routinely. 

Ocean-bottom seismometers are miniaturized, self­
contained seismic stations capable of withstanding the 
harsh environment of the deep ocean. In some OBS de­
signs, incoming signals activate the recording device. 
Magnetic tape or digital memory-buffers are used to ob­
tain complete recording of the event and some sample of 
the preceding noise activity. This mode permits the long 
recording times ( 1 month or more) necessary to sample 
the microseismic activity adequately. In more advanced 
OBS packages, data are logged in digital format. Such log­
ging increases the dynamic range and greatly facilitates 
data analysis . At the end of the recording period, the oss's 
are recalled to the surface by acoustic command or re­
leased from the bottom at a preset time. Figure 10.2 illus­
trates some microearthquake data collected by an array of 
oss' s on the East Pacific Rise near the mouth of the Gulf 
of California. 

OBS technology is quite new and is being used to study 
continental-margin seismicity and structure. More in­
strumental development is needed, especially to increase 
the frequency range (bandwidth) and low-frequency sen­
sitivity, if full use is to be made of OBS capabilities to 
study shear and surface waves from seismic events of 
larger magnitudes. 

Using oc·ean-bottom seismometers in conjunction with 
land-based seismic arrays will considerably increase our 
knowledge about both the major and minor seismicity of 
continental margins . Specific questions that should be 
addressed indude: 

1. What are the spatial and temporal relations between 
minor seismicity and the o<.Turrence of large earth­
quakes? 

2. Is minor seismicity of active margins concentrated 
along major faults or distributed within large volumes of 
the lithosphere? 

3. What is the nature of the seismic gap occurring be­
tween trenches and island arcs in some subduction 
zones? 

4. What is the minor seismicity of passive margins? 
What features along passive margins are seismi<:ally ac­
tive? 

C. TECTONIC STRESSES ALONG THE MARGI!IiS 

At present, little is known about the state of stress within 
the earth, despite the obvious importance of stress in 
earthquake processes. Espedally little is known about 
absolute stress magnitudes. For example, there is no con­
sensus among geologists or geophysicists about the aver· 
age absolute-stress fields prior to seismic faulting; esti· 
mates vary by more than an order of magnitude. On thr 
one hand, for earthquakes, seismologists routinely mea· 
sure stress drops (i.e., the difference between initial and 
final stress) that are generally less than 100 bars. Strrss 
drops have been used as measures of absolute stress. On 
the other hand, experiments in rock mechanics suggr~t 
that, at lithostatic pressures appropriate for the middle to 
lower crust-about 3-6 kbar-absolute stresses of se\·· 
eral kilobars are ne<.·essary for fracture of crustal rocks. 
Until this question is resolved, it will be impossible to 
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FIGURE 10.2 Fracture zone microearthquakes re<.'Orded by ocean-bottom seismometers near the mouth of the Gulf 
of California. (Courtesy ofT. H. Jordan, Scripps Institution of Oceanography.) 

understand adequately earthquake dynamics or theories 
about the mechanism that drives the plates. 

Studies of stress fields along active margins should be a 
eomerstone for any research program on earthquake 
dynamics. Estimates have been made on convergent ac­
tive margins from seismic measurements (i.e ., stress drop 
and stress-tensor orientation), but the techniques need 
further development. In particular, computational 
schemes for properly handling surface tractions during 
the rupture process (important for large events) need to 
be devised. 

For stress-field studies, data collected by global net­
works of digitally recording, broad-bandwidth seis­
mometers will be critical. At present, three such networks 
are deployed or being deployed (Figure 10.3): 

I. High-Gain Long-Period (HGLP) Network; 
2. Seismic Research Observatory (SRO) Network; and 
3. International Deployment of Accelerometers (IDA) 

1\etwork. 

In addition, the U.S. Geological Survey is proposing to 
upgrade 15 to 20 World-Wide Standard Network Seis­
mograph (WWSSN) stations to seven-channel, digital­
reeording capability. These networks will provide the 

high-quality data base necessary to study continental­
margin earthquakes, and they deserve strong federal sup­
port.* 

For the study of small earthquakes, e.g., the aftershock 
sequences of large events, local networks, including 
ocean-bottom seismometers, are necessary. 

Ocean-bottom topography outboard from the trenches 
is influenced by the stress regime of convergent active 
margins. This topography places independent constraints 
on the model of stress regime of those margins. Several 
scientists, using elastic-plate models, have estimated that 
the stresses within the descending slab necessary to sup­
port the topographic elevation of the so-called "outer 
rise" are of the order of several kilobars. These are values 
similar to those of the strength of rocks studied under 
laboratory conditions, but the latter values are an order of 
magnitude (or more) greater than stress-drop estimates 
derived from seismology. Such values, however, are sen­
sitive to assumptions based on the elastic-plate model, 
and further studies employing nonlinear plastic 
rheologies should be attempted. 

*For further information on these networks, consult Committee 
on Seismology (1977) and Panel on Seismograph Networks, 
Committee on Seismology (1977). 
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FIGURE 10.3 The distribution of digitally recording seismic stations. (Panel on Seismograph Networks, Commit· 
tee on Seismology, 1977.) 

To model earthquake dynamics, it is necessary to know 
not only the ambient stress field but also the nature of 
temporal changes in the stress and strain fields of seismi­
cally active areas, especially on a time scale of one to 
several tens of years. Measurements of these changes re­
quire (a) precise geodetic techniques that can sense very 
small vertical and horizontal displacements and (b) the 
development of new stress-monitoring devices. Recently 
developed satellite-ranging and lunar-laser-ranging 
methods and the techniques of long-baseline inter­
ferometry are promising. Temporal changes also can be 
monitored by ultrastable strainmeters and gravimeters 
based on laser and cryogenic technologies. In studying 
U.S. margins, more program coordination among the re­
sponsible federal agencies should be achieved. 

The direct measurement of stresses at shallow depths 
by downhole hydraulic fracturing has improved our 
knowledge of continental stress fields . This technique is 
fairly expensive, e ven on land, and it is still imperfect. 
Ne verthele ss, the feasibility of collecting such measure­
ments should be examined. 

Information on stress and strain fields studies is needed 
to answer the following specific questions: 

1. How far into the continental-island-arc region does 
the deformation associated with oceanic-plate subduction 
extend? 

2. Which portions of the subduction zone are under 
relative tension, and which are in compression? 

3. Do the different arcuate structures of subduction 
zones correspond with different conditions of stress 
within the volcanic arc? 

4. What determines the equilibrium position of the 
overriding plates with respect to the surface of the under· 
thmst lithosphere? 

5. How are the orogenic forces in convergence regions 
transmitted from the subduction zone to the mountains on 
the overriding plates? 

6. How important, deep, and extensive are the high­
friction regions that are presumed to heat up the upper 
surface of the subducted slab to produce magmas? 

7. What is the stress field in marginal basins? 
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8. What are the strengths of rocks in continental­
margin fault zones, and how are these strengths affected 
by fluid content? 

D. CONTINENT -OCEAN TRANSITION 

The continental margins are regions of tmnsition between 
two very different crustal types-the thin, simatic crust of 
the oceans and the thick, sialic crust of the continents. 
The difference between these two regions is not confined 
to the crust: profound variations extend to an as-yet unde­
termined depth into the mantle. Furthermore, the mar­
gins are regarded as the sites of continental accretion. 
Continents are the most spectacular surface manifestation 
of the long-term chemical evolution of the earth. 

The nature of the continent-ocean transition is a fun­
damental problem confronting modern earth science. 
Probing this tmnsition zone is not an easy task. By its very 
nature, the continental margin is latemlly heterogeneous 
on many scales. The techniques for mapping this 
heterogeneity must have high lateml and vertical resolu­
tion and must be capable of great depth penetmtion. No 
one geophysical technique can provide this resolution; a 
combination of techniques is required. 

The highest-resolution methods are seismic surveys 
that use compressional waves and artificial sources. 
These can be broadly classified into two types­
refle<:tion and refraction. 

Reflection profiling with artificial sources has been ex­
tensively developed in the search for petroleum, and its 
capabilities of using advanced multichannel recording 
systems are detailed elsewhere in this report (see pp. 
151-153). High resolution and increased signal-to-noise 
ratio are achieved by stacking procedures that take full 
advantage of data redundancy. The multichannel 
seismic-reflection method seems to be ideally suited to 
study the upper 10 km of the crust. By two-ship, 
<.-onstant-offset profiling, recording can be extended to 
even greater depths, perhaps allowing the entire crustal 

Ocean Bottom 
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column and even the uppermost mantle to be sampled. 
Further development of the reflection-profiling method 
deserves high priority. 

The seismic-refraction technique involves a greater 
sepamtion between the source and receiver. This method 
has the advantage that very deep penetration (200 km or 
more) can be achieved with artificial sources. The devel­
opment of reliable ocean-bottom seismometers has re­
awakened the interest of the scientific community in the 
use of refraction techniques with which to study 
continental-margin structure. 

The geometry of refraction profiling with OBS' s is ill us­
tmted in Figure 10.4. A ship firing explosive charges 
steams away from the OBS, and the seismic energy re­
flected at depth is recorded for later recovery. To con­
serve magnetic tape, the shots are fired and recorded at 
prearranged intervals. Recording in digital format is pre­
ferred, since it facilitates subsequent data proc·essing. To 
maximize the usefulness of the information so obtained, 
sophisticated analyses are used to interpret the data. The 
most successful of these techniques has been the time­
domain modeling of the arrivals by the computation of 
synthetic seismograms. The use of amplitude and 
waveform information greatly enhances the resolution of 
the refraction methods. 

Further information can be obtained by shooting to an 
array of seismometers instead of to a single sensor. 
Frequency-wavenumber processing can then be em­
ployed to extmct the horizontal phase velocities of various 
arrivals. This kind of processing further constrains the 
class of acceptable velocity models, especially in regions 
chamcterized by large vertical velocity gmdients. The use 
of OBS armys can also provide constmints on the lateral 
structure beneath the array . An example of the application 
of frequency-wavenumber analysis to data from an OBS 

array is illustmted in Figure 10.5. 
The advantages and disadvantages of reflection and re­

fraction profiling are complementary. The reflection 
technique has high spatial resolution but limited depth of 

FIGURE 10.4 The geometry generally used in refraction profiling with ocean-bottom seismometers. The separa­
tion between sources and receivers can be extended to 1500 km, allowing penetration to depths exceeding 200 km. 
(Courtesy ofT. H. Jordan, Scripps Institution of Oceanography.) 
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FIGURE 10.5 Examples of spatial filters applied to digitally recorded data from an ocean-bottom seismometer array used to 
isolate the direction of an incoming signal. (Courtesy of L. Dorman, Scripps Institution of Oceanography.) 
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penetration and limited ability to resolve compressional 
velocities. The refraction technique can achieve deep 
penetration and good vertical velocity resolution but in­
volves extensive horizontal averaging of stntcture. 

Neither of these techniques has yet been very useful for 
shear-velocity studies. Shear velocities are critical 
parameters for determining the composition and state of 
cmstal and mantle rocks, as shear velocities are particu­
larly sensitive to the temperature and fluid content of ma­
terials . Artificial sources of seismic energy are inefficient 
in exciting shear waves, especially in the marine envi­
ronment, and methods that rely on artificial sources have 
so far provided very little shear-velocity information. 
There is some hope that the study of converted phases 
(i.e., P-energy converted to S-energy at sharp interfaces) 
can be used to derive shear-velocity profiles. Converted 
phases have been identified on both reflection and refrac­
tion profiles of oceanic cntst. Because of the importance 
of shear-wave information to continental-margin studies, 
efforts to develop means of obtaining data on shear waves 
should be encouraged. 

However, the precise delineation of shear-velocity 
stntcture will undoubtedly require the use of nature's 
own seismic sources-earthquakes. Shear-wave travel 
times and surface-wave velocities are particularly useful 
in modeling shear-velocity structures. The development 
of broader-band OBS packages would permit these waves 
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to be recorded directly on the margins of the continents 
and should be given high priority. 

For studies of the continent-ocean transition, informa­
tion from global seismic networks is again critical. Seis­
mic surface waves and free oscillations are sensitive to 
lateral variations at great depths, and advanced theoreti­
cal techniques for modeling these variations on a global 
scale are rapidly being developed. Body waves other than 
first-arriving P- and S-waves are proving to be quite use­
ful in describing these deep lateral variations. For exam­
ple, Figure 10.6 illustrates the large-scale variations in 
shear-velocity associated with the passive continental 
margin bordering northern Siberia as expressed in the 
travel times of shear waves reflected in multiples from the 
core-mantle interface (multiple ScS waves). These data 
were obtained from the WWSSN . The data emerging from 
the more advanced digitally recording networks will 
allow signals such as these to be processed in a routine 
fashion and will considerably expand the data base. 

Stntctural studies of the continental margins should be 
directed toward the following questions: 

1. What are the properties and the lateral variations of 
the major discontinuities (sediment-rock interface, 
Mohorovicic discontinuity, upper-mantle discon­
tinuities)? What are the variations in physical properties 
of the lithologic units between these discontinuities? 

Continental Shelf I 
I 

Eurasian Basin 

I 

I 
Approximate Shelf 

Edge 

80 85 90 

FIGURE 10.6 The variation of vertical shear-wave travel times across the passive continental margin of Northern 
Siberia. The large magnitude of the residuals on the monotonic trend observed in this figure is indicative of a broad 
continent-ocean transition zone extending to great depth . (Courtesy of S. A. Sipkin and T. H. Jordan, Scripps 
Institution of Oceanography.) 
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2. What is the configuration of the Gutenberg low­
velocity zone beneath the margins? Do other low-velocity 
zones exist within the crust and upper mantle? If so, what 
are the velocities within these zones, and what is their 
lateral variation? 

3. Are the seismic velocities in these regions aniso­
tropic? If so, what is the orientation and magnitude of the 
anisotropy? What is the relation between anisotropy and 
ambient tectonic stress? 

4. What is the attenuation structure of the margins? 
5. To what depth into the mantle do the lateral varia­

tions associated with the continent-ocean transition ex­
tend? 

E. THE FATE OF SUBDUCfED LITHOSPHERE 

Beneath convergent active margins, oceanic lithosphere 
is thrust deeply into the mantle beneath the continents. 
Any theory of crustal and mantle dynamics must explain 
the eventual fate of this material. At present, the data are 
not sufficient for definitive answers to the following ques­
tions : 

1. Does the lithospheric slab retain its identity below 
the Benioff Zone? If so, how deeply into the mantle does 
it extend before it reaches thermal equilibrium? 

2. What are the dynamics of phase changes within the 
slab? Are any upper-mantle discontinuities elevated or 
depressed within the slab? 

3. What mechanical factors determine the angle of 
subdm:tion? What processes are responsible for lateral 
and vertical changes in this angle? 

4. What is the mechanism of deep-focus earthquakes? 
What factors determine the magnitude of seismic-energy 
release in the deep-focus zones? 

5. What are the variations of rheological properties 
across the slab-mantle interface? To what extent is fric­
tional heating important in determining the thermal re­
gime of the .slab? 

6. What is the fate of volatiles and sediments sub­
ducted with the slab? 

7. What is the relation between Benioff Zone seismic­
ity and volcanic activity? 

Seismology provides powerful tools for answering 
these questions. Teleseismic studies of Benioff Zone 
earthquakes can yield information about the nature of 
these earthquakes and the physical properties of the slab. 
Some information about deep-focus events has been in­
terpreted as indicating that mechanisms involving 
changes of volume (phase changes) may be responsible 
for initiating these earthquakes. Other studies of deep­
focus events have shown that the high seismic velocities 
associated with the lower-temperature slab extend below 
the earthquake zone, perhaps far into the lower mantle. If 
these conclusions are substantiated, then we will have 
direct evidence that the lower mantle is participating in a 
convection process that drives the plates, a critical con­
straint on geodynamics models . 

Structural studies of the lithospheric slab and studies of 
Benioff Zone seismicity will make significant progress 
with the help of ocean-bottom seismometers. With these 
instruments, signals from deep-focus earthquakes can be 
recorded seaward of trenches, providing information 
complementary to that obtained with land-based net­
works. 

F. RECOMMENDATIONS 

Effective monitoring of continental-margin seismicity, 
studies of earthquake dynamics, and investigations of the 
deep structure of continental margins depend criti<:allr 
on the <.·ollection of high-quality, broad-band seismic data 
from both global and local networks of instruments. This 
Panel strongly supports the recommendations contained 
in the recent National Research Council report by the 
Panel on Seismographic Networks of the Committee on 
Seismology, and specifically, with regard to the global 
networks: 

Recommendation 1. Stable funding . . . should he es­
tablished to assure ... continuing operation of the 
WWSSN as a basic research facility for U.S. investigators. 

Recommendation 2. Stable funding should be estab­
lished . .. to continue operation, maintenance, and im­
provement of the [digitally recording] HGLP; SRO; ASRO: 

and IDA seismograph stations. Further, [a number oij 
WWSSN stations should be upgraded to include digital re­
cording capability . . . . Facilities for the organization. 
storage, retrieval, and distribution of digital data from the 
above observatories [should be provided]. 

The study of the structure and seismicity of the conti­
nental margins on both local and regional scales requires 
the use of ocean-bottom seismometers. Therefore: 

Recommendation 3. A strong national program in 
ocean-bottom seismology needs to be established and 
maintained. Elements of this program should indude suf­
ficient timds t<>r instrument development. 
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11 Geophysical 
Methods 

A. INDUSTRIAL AND ACADEMIC GEOPHYSICS: 
STATE OF THE ART 

INillODUCI10N AND SYNTIIESIS 

Traditionally, academic geophysicists have developed 
methods for measuring and interpreting significant phys­
ical properties of the subsurface and improved the resolu­
tion of current methods. The domain of their investigation 
extends across continental margins to the deep oceans 
and through the crustal layers. The recent development of 
ocean-bottom seismometers (OBS) and the measurements 
of heat flow and electromagnetic properties result from 
this motivation. 

The exploration geophysicist concentrates mainly on 
sediments and predictions to optimize exploratory drill­
ing. Increasingly, attention is shifting from the definition 
of structures to the more demanding task of predicting 
lithology and subtle variations of lithology and fluid con­
tent. This is accomplished by acquisition and processing 
methods that improve signal-to-noise ratios over ex­
tended frequency ranges (Dobrin, 1976; Telford et al., 
1975). 

Seismic resolution has been improved to the extent that 
the subtle variations in physical properties that distin-

For details on geophysical methods, see Appendixes B.l-8.7. 
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guish a gas-filled sandstone reservoir from an adjacent 
water-filled sand can be recognized under optimum con­
ditions. Because other lithologies have wave velocities 
and densities similar to those of gas sands, the so-called 
direct-detection methods are ambiguous, particularly in 
undrilled basins. This limitation leads geophysicists to 
attempt to measure additional physical rock properties, 
such as shear-wave velocities and attenuation. 

An independent approach to the resolution of lithology 
is through the methods of seismic stratigraphy, wherein 
reflection patterns have been observed to be diagnostic of 
different depositional situations (see pp. 61-64). 

The geological problems of the continental margin will 
tax the resolution and depth penetration of geophysical 
methods as they are now used in either academe or in­
dustry. Judicious combinations of academic and indus­
trial techniques could be fashioned to solve some of these 
problems. For example, in seeking crustal resolution with 
seismic common-depth-point (COP) shooting, bandwidth, 
multiplicity, and shot-to-detector distances will need to 
be changed vis-ci-vis common industrial applications to 
the sediments. In another example, the very high resolu­
tion of industrial seismic direct-detection methods can be 
applied to discriminate between a wide range of 
lithologies. This capability would be extremely important 
in reconstructing the detailed evolution of sedimentation 
on both passive and active margins. 

Geophysical interpretations involve many variables 
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with different degrees of uncertainty and have to be done 
over and over again in order to increase the probability of 
making correct predictions. Both new facts and new con­
cepts require repeated scrutiny. The academic commu­
nity pioneered the integration of several kinds of 
geophysical measurements. Looking ahead, gravity and 
magnetic modeling on the margins can produce even 
more powerful results for future applications if it incorpo­
rates the potential for geometric resolution and depth 
penetration that industrial COP-reflection concepts and 
techniques have to offer. 

Through the Deep Sea Drilling Project (DSDP) the 
academic community acquired the ability to test hypoth­
eses promptly that otherwise might remain idle specula­
tions. The learning process in the earth sciem:es has been 
greatly accelerated because many problems now can be 
subjected to a relatively simple iteration: model 
building-testing by drilling-corrective feedbacks. Be-

SOUTH 

cause of its power and expense, the drill should be used 
only to test carefully selected, high-priority hypotheses. 

Corollary with drilling should be complete in-hole log· 1 

ging so that the full information potential of a borehole 
can be thoroughly exploited. Because they link subsur· 
face and surface geophysical methods, logs multiply the 
significance of both. All factors must be properly assessed 
in any attempt to develop cost-effective programs for soil­
ing geophysical problems of continental margins. 

ACQUIRING TilE DATA 

An industrial marine geophysical vessel (e.g., the R;Y 
Hollis Hedberg) and its exploration system described in 
Appendix C is complex and costly. Its system has file 
components-seismic, gravity, magnetics, geochemis~ . 
and onboard processing capabilities-of which the 
geochemistry and on board processing can be regarded a~ 
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FIGURE 11.1 Integrated multisensor interpretation. On the seismic section (bottom panel), two large intrusive 
bodies are evident on the left and right sides of the profile, but there is insufficient resolution to differentiate their 
origins. By adding potential data (top panel), it is seen that the large positive gravity anomaly and sharp magnetic 
expression indicate the right-side feature to be crystalline basement. From a gravity low and smooth magnetics for 
the left-side feature, it may be deduced that it is a shale or salt piercement. (Courtesy of E. S. Driver, Gulf Science 
and Technology Company.) 
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partially experimental at this stage. Although this ship 
and its multicomponent system are fashioned to help 
solve problems in hydrocarbon exploration, the potential 
of this approach should be carefully considered by both 
academic and government geologists and geophysicists. 

On board processing is justified basically by the fact that 
seismic noise factors on the shelf and slope often render 
single-channel monitors uninterpretable, and, when sur­
veys fail to realize their exploration objective, extreme 
waste results. Conventional industrial exploration in re­
mote or hostile environments involves (1) reconnaissance 
geophysics, (2) detailed geophysics, and (3) drilling in 
season. Each step in that sequence is separated by about a 
year's interval. In essence, the explorer is blind with re­
spect to the seismic reconnaissance details until playback 
at a land-based processing center (usually months after 
recording). Onboard processing makes it possible to iden­
tify and detail interesting anomalies in one survey, ac­
celerating the whole campaign by as much as a year­
perhaps more. 

Thanks to their participation in the DSDP, academic 
geophysicists are now also under pressure to guide a very 
costly drilling program accurately, efficiently, and 
promptly. Much of their geophysical work will require 
very deep resolution of shelves and slopes. Seismic noise 
problems will increase as the reflection signal weakens 
with depth. Lacking high-quality on board processing, the 
academic geophysicist, too, is essentially blind with re­
spect to the detailed resolution of multifold COP. 

Evaluating all the factors-ship time, transit to the sur­
vey area, the requirements of the drilling program, and 
mobilizing scientists-against the objectives of the 
geophysical survey, a certain degree of onboard process­
ing will no doubt prove to be the most cost-effective way 
for the academic geophysicist to ensure against in­
adequate expeditions. 

SEISMIC PROCESSING 

By adapting digital recording and computer processing to 
seismic interpretation, geophysicists have produced a 
major breakthrough in information recovery. Paper B.3 on 
seismic data processing (see Appendix B) explains the 
concepts and methods involved. The digital revolution 
has provided the interpreter with amplitude, attenuation, 
and precise velocity information in a practical way. 

Inversion of a seismic trace to an approximation of a 
velocity log has long been a goal of the geophysicist. By 
combining a velocity curve with a reflection-coefficient 
function, a pseudo-velocity log can be produced. As a 
practical development, this is an outgrowth of constantly 
improving accuracy in amplitude preservation, velocity 
extraction, and noise suppression. 

The success of sophisticated processing schemes de­
pends on the quality and bandwidth of the original re­
cordings. No single display of a seismic section can pre­
sent all of its information content. The processing 
geophysicist is therefore motivated to maximize the 
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amount and variety of the seismic information to give to 
the interpreter in a simple format. Color displays serve 
this purpose. The color spectrum can be modulated by 
amplitude, frequency, polarity, or velocity. These results 
can then be superimposed on the conventional black­
and-white variable amplitude or variable density plot. 
Plotting dipping reflections (migration) and three­
dimensional methods will have pertinent applications to 
unraveling the complex structures of active margins. 

INTEGRATED MULTISENSOR INTERPRETATIONS 

Within recent years, a major breakthrough has been made 
in improving the accuracy of shipboard gravity meters. A 
key factor was gyrostabilization, which made it possible 
to reduce those errors introduced by wave action and 
cross-coupling. One-half milligal variations in the earth's 
gravity field can now be detected in the background noise 
(caused by the ship's acceleration) of up to 100,000 mgal. 

Industry is developing vertical and horizontal magnetic 
gradiometers. The academic community has developed 
effective deep-tow magnetometers. Industry's methods of 
interpreting multisensor data have been developed, in 
large degree, from work done by the academic commu­
nity. Figure 11.1 vividly demonstrates the power of inte­
grated interpretation. 

LI1110LOGIC RESOLUTION 

The section on seismic stratigraphy (pp. 61-64) and two 
papers in Appendix B (B.5 and B.6) reflect the intense 
effort directed at resolving lithology from seismic data. 
(See also Payton, 1977.) 

At best, P-wave (compressional-wave) seismic explora­
tion provides only P-wave velocity and density. Because 
many lithologies and variations of lithology and fluid con­
tent have similar P-wave velocities and densities, the in­
terpretation is ambiguous. Measuring seismic shear 
waves (S-waves) is another way to explore physical prop­
erties of rocks. 

Seismic stratigraphy is an independent interpretive 
method. It depends on the ability to recognize 
unconformities and reflection patterns that are diagnostic 
of different depositional environments. 

LOGGING AND TilE RELATIONSHIP OF TilE BOREHOLE TO 
SURFACE GEOPHYSICS 

Papers on this subject are included in Appendix B.7 to 
emphasize the synergistic effects of a link between rocks 
below the surface and surface geophysics. 

Synthetic seismograms (artificial seismic-reflection 
records manufactured from velocity-log data) express the 
ideal subsurface response. They permit discrimination 
between signal and noise on recorded seismograms, make 
it possible to identify reflection markers, and provide an 
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indication of the bandwidth necessary in recording signif­
icant impedance contrasts . 

Seismic lithologic studies are most effective when the 
lithology in question or its variation can be modeled from 
well logs (records of physical measurements as a function 
of depth in a borehole). 

Logs of shear-wave velocity, density, magnetic prop­
erties, and electrical resistivity can provide links to the 
corresponding surface method in a fashion analogous to 
synthetic seismograms. All methods of direct deteetion, 
whether they be measurements of physical properties or 
observations of diagnostic patterns, are considerably 
more effective when they are calibrated by borehole data. 

ANTICIPATED FUTURE DEVELOPMENTS 

"Advances in Geophysical Methods for the Detection of 
Hydrocarbons," (Appendix B.1) delivers an interesting 
chronicle of the evolution of seismic developments from 
concept through instrumentation to applications. In the 
immediate future, modifications in recording instruments 
and methods of processing will be required in order to 
bias the system in favor of high frequencies. Eventually, 
computers may perform many of the interpretive tasks 
that geologists and geophysicists now do. 

COMMON-DEPTH-POINT APPLICATIONS TO PROBLEMS OF 
CONTINENTAL MARGINS 

Appendix B.2, pp. 233-237, gives examples of how indus­
trial COP methods may need to be modified in order to 
most cogently reveal the deep structure and lithology of 
continental margins. 

CURRENT GEOPHYSICS CAPABILITIES IN ACADEME 

Geophysicists in the academic community work with 
less-advanced equipment than do their industrial col­
leagues, particularly in terms of navigation apparatus for 
multichannel seismic-reflection studies and concomitant 
onboard and postcruise data processing. For navigation, 
most university ships rely on integrated data from satel­
lite fixes, pit logs, and gyrocompasses. These have pro­
vided, by and large, positioning accuracies sufficient for 
most research projects. University vessels can, of course, 
be outfitted with additional positioning equipment if the 
need arises. Industry developed multichannel seismic­
reflection equipment and techniques; only in recent 
years have a few university groups begun to use such 
equipment. High initial equipment costs, operating costs, 
and data-processing costs have thrust university marine 
geophysics behind industry. The University of Texas (at 
Galveston) and Lamont-Doherty Geological Observatory 
of Columbia University have 24-channel systems. Woods 
Hole Oceanographic Institution has a 6-channel system, 
which is currently being expanded to 12 channels. 
Scripps Institution of Oceanography of the University of 
California has a 12-channel system. These systems, al­
though lacking some of the resolving capabilities of the 

newer industrial systems, are, nevertheless, powerful 
tools in the hands of the academic community. 

The multichannel capability adds a new dimension to 
studies of the genesis and development of continental 
margins . It also permits researchers to interpret and pre­
sent their seismic findings within a framework that is 
compatible with industrial data. Because the industrial 
effort is primarily focused on shallower margin waters 
and university scientists more often work in deeper wa­
ters, the ability to relate the data sets to each other is vital 
to gain a more complete understanding of the whole 
continental-margin complex. 

Other geophysical techniques are employed in essen­
tially similar ways by both academic and industrial 
groups. Some of these techniques are marine gravity- and 
magnetic-field measurement and interpretation; single­
channel seismic-reflection profiling; and the use of ex· 
pendable radio sonobuoys for wide-angle reflection and 
refraction measurements. These methods were devel­
oped largely within the academic community, with sub­
stantial help from military R&D efforts. Such techniques 
will continue to be valuable elements in continental­
margin studies. 

During the past few years, several academic groups 
have developed and used ocean-bottom instrumentation. 
which, while primarily geared for research in seismology, 
can also be used for electromagnetic studies. Ocean· 
bottom seismometers and ocean-bottom hydrophmws 
(OBH) are now available in substantial numbers. These 
instruments can be deployed on the seafloor in various 
arrays, and they are particularly well suited for seismil~ 
refraction measurements in areas as structurally complex 
as continental margins. These instruments also provide a 
means for detailed seismicity studies that can providt· 
important insights into the tectonic development of mar· 
gins. 

An expanding spread-reflection technique that uses 
multichannel equipment and that is available to both in­
dustrial and academic groups has considerable potential 
for continental-margin studies. In this technique, one 
ship deploys a multichannel receiving array and a set:ond 
ship acts as source ship. The two ships steam in opposite 
directions away from a common position and record aCDP 
profile with large moveout dimensions. The profile l'an 
be expanded into a refraction profile in which the refmc­
tion paths are centered on the COP. Two important fea· 
tures of this technique are (1) the reflection and refrattion 
profiles, having been centered on a common point, offer 
strong mutual support in analysis, and (2) the large ran!!e 
of moveout angles in the reflection profile may pem1it 
good observations of reflected transformed shear w•n·es. 
thus presenting the possibility of determining a c,Jr:, ratio 
as a function of depth in the section, which ratio could he 
a most useful diagnostic parameter. 

ELECTROMAGNETIC INDUCTION STUDIES 

Electromagnetic (EM) induction studies can determine 
the electrical conductivity structure beneath continental 
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margins. This structure can be related to sedimentary ba­
sins in the upper crust or to temperature and/or composi­
tional structure in the mantle. Because of the probable 
complications of interpreting two- (or even three-) dimen­
sional structures with limited array deployments, the con­
tinental margins have been purposely avoided in the past 
few years. The "noise" due to ocean currents on the 
oceanic electrical field is also probably significantly 
larger in shallow water. 

Nevertheless, it should be noted that the first success­
ful oceanic EM work (Cox et al., 1971) was the investiga­
tion of the deep structure at a continent-ocean boundary. 
Similar work on the Atlantic margin (Cochrane and 
Hyndman, 1974) led to the inference that substantial con­
ductivity anomalies exist in the continental crust, and the 
petroleum companies are becoming more interested in 
higher-frequency studies to determine the character of 
sedimentary basins. As more reliable and less expensive 
instruments are developed, the application of these tech­
niques for continental-margin studies should be en­
hanced, probably within the next decade. 

HEAT-FLOW MEASUREMENTS ON CONTINENTAL MARGINS 

Determination of accurate values of geothermal flux on 
and across continental margins would satisfy several im­
portant scientific objectives, depending on the type of 
margin. Measurements on active margins and relatively 
young (E> 60 m.y.) passive margins would serve to eluci­
date the transient tectonic processes that formed them. 
On older passive margins, such measurements would 
help to answer questions about the vertical distribution of 
heat sources beneath continents and oceans, using the 
"edge effect," or horizontal discontinuity, of heat sources 
at such margins. 

Unfortunately, accurate heat-flow measurements are 
very few, or lacking, on continental margins, particularly 
passive margins. A significant obstacle to making heat­
flow measurements in these areas has been the inability, 
using standard techniques, to sufficiently penetrate tem­
perature probes into the rather firm sediments of the shal­
low areas. Overcoming the penetration obstacle might be 
accomplished by vibracoring or, if that fails, by shallow 
drilling. With that provision, scientists would be able to 
measure gradients and heat flux. 

The relatively shallow water on shelves precludes 
standard oceanic techniques; commercial borings are sel­
dom measured accurately enough. On continental rises, 
rapidly deposited and thick sediments may significantly 
depress the surface geothermal flux from its equilibrium 
value. These perturbations can be reduced or eliminated 
analytically with information on sediment thicknesses 
and deposition rates. 

Ocean techniques for measuring heat flow have been 
used with some success for active margins, particularly 
along the island-arc region extending from the Kurils to 
Southeast Asia. We know of some systematic variations in 
heat flow, such as normal heat flow on the oceanic-plate 
side, lower values in the trenches and/or the lower land-
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ward trench slope, and higher values on the island-arc 
side of the trenches. However, individual measurements 
show considerable variability within this pattern, and the 
same pattern does not always exist in all regions. Dif­
ferent trenches and island arcs show significantly dif­
ferent mean heat flow. We do not know what causes these 
differences. They may result from varying tectonic styles. 
Other geological and geophysical studies near the same 
locations as the heat-flow measurements will help us to 
understand them. 

For both young and old passive margins, the best dis­
tribution of measurements would be on transverse pro­
files across the margins, extending into the continental 
and ocean structures proper. Such profiles across young 
margins of differing ages would help to clarify the tec­
tonics of initial rifting of continents and the associated 
transient heat-transfer processes. Heat-flow mea­
surements would be more valuable for tectonics if the ele­
vations of both continental and oceanic basement were 
determined along the profiles. We could so derive a sensi­
tive measure of the excess (or deficiency) of heat in the 
lithosphere. Similar profiles across older passive margins 
may be used to deduce the distribution of heat sources in 
the upper I ithosphere of the adjacent continent and ocean 
structures. Here, deep geophysical information will be 
needed to determine the sharpness of the structural tran­
sition. 

To date, few heat-flow measurements have been made 
on continental slopes or shelves. That is largely because 
seasonal fluctuations in temperatures of near-bottom wa­
ters are sufficiently high to potentially mask thermal gra­
dients in the upper few meters of sediment. We need 
probes tens of meters long-perhaps as long as 100 
m-to eliminate this problem fully. With the current 
technologies available, unfortunately, this means making 
use of holes drilled by DSDP or by oil-exploration efforts, 
neither of which has provided sufficient holes or interest 
to allow a wide-scale study of upper-margin heat flow. 

B. RELATIONSHIP OF THE BOREHOLE TO 
SURFACE GEOPHYSICS 

Because boreholes serve as crucial links between the 
subsurface domain and surface geophysics, and as 
laboratories for improving techniques, no opportunity 
should be lost to exploit a borehole for the purpose of 
measuring the physical properties of rocks. 

BOREHOLE GEOPHYSICS 

Geophysical fields are measured at or near the earth's 
surface. The geophysicist interprets these fields in terms 
of variations in rock properties in three-dimensional sub­
surface space. 

Exploration geophysicists have an advantage over their 
solid-earth colleagues, because their interpretation of the 
subsurface is frequently tested by the drill, and boreholes 
enable them to measure directly rock properties previ-
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ously inferred from surface measurements. With both 
cause and effect available, the explorationist can fully use 
and frequently guide technological developments in ex­
ploration geophysics. 

The borehole not only reveals subsurface data, it also 
permits measurements to be made in its vicinity. This 
exploration technique is especially valuable when the 
targets are small or when the seafloor and/or subsurface 
are too complex for unambiguous interpretation of 
surface-bound data. 

WELL LOGS 

Measuring rock properties with tools lowered into the 
borehole is a well-developed technology. All physical 
properties of rocks of interest to the geophysicist can be 
measured with these tools (Schlumberger-Doll Research 
Centers, 1972a, 1972h, 1974; PiJ·son, 1970). The mea­
surements are usually presented in the f(mll of well logs, 
in which the measured property is displayed as a function 
of depth along the borehole. 

The elastic constants as a function of depth are obtained 
from sonic logs (well logs of travel times for acoustic 
waves). There are two types of sonic logs: interval-time 
logs and full-wave logs. The interval-time log measures 
the transit time of the first arrival from a dilatational 
source to two detectors sufficiently separated from the 
source to ensure an in situ measure of the compressional 
velocity. Shear velocity can be measured directly in some 
cases by proper recording procedures, or it can be derived 
from the tube-wave velocity. The full-wave sonic log, 
which is a recording of the entire wave train registered by 
a detector, facilitates shear-wave identification and mea­
surement. 

The interval range over which interval times are mea­
sured must he chosen to ensure that in situ measurements 
of rock properties are not affected by the presence of the 
borehole. The interval within the borehole can vary from 
inches to the total depth of the borehole. The smallest 
interval is always chosen in order to obtain maximum res­
olution. The magnitude of the interval will dictate the 
frequency content of the source-generated signal, the na­
ture of the source itself, and its location. For intervals in 
the inch range, the source is ultrasonic, operating in the 
high kilohertz range. The source and detectors are 
mounted on pads pressed against the borehole wall and 
on a sonde centered along the borehole axis. To remove 
the effect of borehole caliper changes, two sources 
straddling a quartet of receivers provide a reversed 
interval-time measure. This "borehole-compensated 
tool" is available for intervals of less than 9 feet. Beyond 
this separation, a single sour<:e to multiple receivers must 
be used. For intervals beyond 30 feet, the normal 
seismic-reflection frequency band is employed; namely, 
5-10 Hz. The source can be placed either in the borehole 
or at the surface. Inhole sources such as a gun perforator 
have been used, but surface sources are more common. 
Currently, a nonexplosive, repeatable source, such as an 

air gun operating at the surface, has been found to be most 
suitable. A dynamic downhole detector clamped to the 
borehole wall is preferable to a hydrophone exposed to 
the borehole fluid. The accuracy of measurements is im­
proved when the source signature and downhole detector 
signal are digitally recorded. Shear waves can also be 
measured by this basic system if the source and detector 
polarization are chosen properly, e.g., a shear vibrator 
source at the surface and horizontally polarized detectors 
clamped to the borehole wall at depth. 

The anelastic properties of the subsurface can also be 
measured by using the transmitted signal if proper atten­
tion is given to signal strength and downhole detector 
coupling. 

A rock-density log is obtained by using the gamma­
gamma borehole tool and/or the borehole gravity meter. 
The gamma-gamma tool has shallow penetration into the 
rock surrounding the borehole, while the gravity meter 
averages the rock density between the downhole observa­
tion stations and, consequently, averages the densities of 
rock further removed from the borehole. Rock resistivity 
can be measured by a variety of tools. The most suitable 
instrument for geophysicists is the deep-induction tool. 

MODELING 

Knowing something about the distribution of rock prop­
erties in a vertical profile or sometimes even in three 
dimensions allows the geophysicist (1) to compute 
theoretical effects of the observed model (inverse prob­
lems) or (2) to compare theoretical computations with ob­
served data (the forward problem). The latter gives the 
geophysicist a measure of the expected signal, a means to 
determine the resolving power of this signal, and an op­
portunity to evaluate methods (such as modifications to 
the source signature) by which to improve this resolving 
power, data recording, or data processing. The forward 
problem also provides a method by which geophysicists 
can separate signal from noise and with which they can 
devise methods to reduce noise. 

EXPLORATION IN BOREHOLES 

The borehole gives access to the subsurface and permits 
geophysical fields to be measured vertically into the earth 
as well as horizontally at the earth's surface. The fields 
are corrected for the known vertical variation in rock 
properties. Anomaly fields are interpreted in terms of 
anomalous distributions in rock properties laterally from 
the borehole or below the total depth of the borehole. 

The ultra-long-spaced electric log (ULSEL) has been ef­
fective in profiling the flanks of salt domes. Density 
anomalies near boreholes were detected by borehole 
gravimeters. Gravity measurements at the earth's surface 
did not pick up these anomalies. Vertical seismic arrays in 
boreholes have not been used extensively in the West, 
but for Russia, Gal'perin (1974) documents their useful­
ness. 
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C. EFFICIENT USE OF SCIENTIFIC PERSONNEL 
AND SURVEY EQUIPMENT IN OBTAINING 
OBJECTIVES 

A serious effort to provide a better understanding of con­
tinental margins in the fashion contemplated by this 
Panel requires a special planning and management sys­
tem for personnel and equipment in order to achieve 
selected objectives. In Figure 11.2, the major components 
of such a system are arranged around a circle in a time 
sequence. The centml circle represents system manage­
ment, which is shown as controlling critical decisions be­
tween component phases. The system is depicted dynam­
ically, which means that feedback loops occur among the 
components to ensure self-correction. This feedback also 
exists among the problem-solving campaigns that are car­
ried on concurrently. Ensuring and facilitating such feed­
back should be a major function of project management. 

In making the decisions required for transition be­
tween phases of exploration, a principle of cost­
effectiveness may be useful. Figure 11.3 portrays a 

MARINE INVESTIGATIONS 

FIGURE 11.2 A conceptual model that visualizes scientific 
problem solving on continental margins as a dynamic process. 
Five component phases are shown in time sequence. Transition 
from one phase to the next requires a management decision rec­
ognizing the scientific results of the preceding phase plus a 
monetary commitment to undertake the next phase. Presumably, 
the process reduces the number of tenable hypotheses or pos­
tulated geological models. Feedback provides for self-correction. 
An unexpected anomaly encountered at any phase may necessi­
tate return to an earlier phase for more data before progressing 
forward. (Courtesy of E. S. Driver, Gulf Science and Technology 
Company.) 
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OF PROGRAM 

TIME AND EFFORT IN GEOPHYSICS. DRILLING AND LOGGING 

FIGURE 11.3 A decision-making process in marine investiga­
tions. The darkly shaded curve entitled "Optimum Execution of 
Program" represents the desired relationship between resources 
expended and. gathering factual data (horizontal scale) and the 
resultant increase in geological information (vertical scale). If a 
geophysical or drilling company fails to provide enough data to 
test postulated hypotheses adequately, waste occurs (the white 
field) . When marine investigations are carried out with in­
adequate instrumentation (when better is available), money and 
scientific talent are wasted. (Courtesy of E . S. Driver, Gulf Sci­
ence and Technology Company.) 

hypothetical curve relating increasing effort in 
geophysics and drilling to a corresponding increase in 
geological information. Such a curve will differ, depend­
ing on the areas and problems. One of the main functions 
of earth-science investigators is to define such a curve for 
their areas of investigation and for the various parts of the 
world in which they work. 

Once established for a problem, this relationship curve 
helps the manager of resources to avoid waste in accom­
plishing scientific objectives. It is wasteful to fall short of 
testing critical hypotheses because the effort was not 
quite sufficient to penetmte a threshold leading to the 
resolution of the problem. On the curve in Figure 11.3, 
waste is represented by any combination of hypotheses 
with inadequate effort. 

On the vertical scale, three hypotheses are ranked ac­
cording to the relative amount of geological information 
needed to test them. The geophysical or drilling program 
should be designed with some latitude of problem resolu­
tion and depth penetration with an awareness of the re­
maining "unknown." 

One issue that emerges from this type of analysis is the 
optimum tradeoffbetween the number of U.S. marine re­
search vessels and the completeness of their sensing and 
navigational equipment. In our judgment, the ovemll sci­
entific goals on the continental margins would be more 
effectively accomplished by fewer, hut more completely 
equipped, vessels . This is particularly true now that in-
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creasing emphasis is being placed on deeper drilling. 
Figure 11.4 attempts to tmnslate the effectiveness of 

marine geophysical expenditures as they relate to there­
sultant geological information. Obviously, any such gen­
eralization is both subjective and area-dependent . 
Nevertheless, it is the best current judgment based on 
over 10 years of experience. 

The vertical scale is predicted on the need to under­
stand continental margins where the sedimentary sec­
tions are thick and complexly structured. This is ex­
pressed in the conclusion that deep lithological and struc­
tuml resolution is worth approximately three times as 
much as shallow resolution at this point in the history of 
accumulating marine geological information. It also 
stresses the critical nature of definitive deeper data as 
they relate to drilling costs and safety. The horizontal 
scale is much more factual, as it is based on <:urrent cost 
information. 

IMMEDIATE PROGRAM CHANGES IN RESPONSE 

TO REAL TIME INTERPRETATION 

The inferences to be derived from the graph are: 

1. It is very costly to staff and to position an oceano­
graphic vessel accurately, even with the most basic 
geophysical instrumentation; and 

2. Having made this commitment, the incremental cost 
to add adequate seismic sensors represents a good value 
in tenns of the additional geological information that can 
be obtained. 

The decision as to when to use 96 channels instead of 48, 
or when to use 2X air guns instead of X depends on the 
magnitude of the impedance contrasts one is seeking and 
the noise background. 

Figure ll.5 compares 6-fold and 48-fold stack proc·ess­
ing of identical mw data and migmted versions of the 
same data. This figure gives a fair indication of the im­
provement in effective bandwidth and signal-to-noise 

1 
GEOCHEMISTRY OF WATERS AND SUBSURFACE EMANATIONS 

Z DEEP STRUCTURAL STYLE. INTERVAL VELOCITIES 
O UNCONFORMITIES. LITHOLOGIC RESOLUTION 
..... 
< 
2 
a: 
0 
u. z 
...I 

< 
~ 
C) 
0 
...I 
0 
w 
C) 

C) 
z 
f/) 

< 
~ SHALLOW STRUCTURAL STYLE 
<.> AVERAGE VELOCITY z 

BASEMENT CONFIGURATION 

0 

EXTEND TO 96 CHANNEL 
SEISMIC FOR CONCURRENT 
REFLECTION AND REFRACTION 

ADD 6 CHANNEL SEISMIC 

1978 COST PER MILE ----. 2000 MIIMO 3-23·78 

GRAVITY. MAGNETICS. GEOCHEMICAL SAMPLING & 96 CHANNEL SEISMIC ACQUISITION & 48 CHANNEL DBS & STACK 

FIGURE 11.4 Cost effectiveness of marine geophysics. (Courtesy of E. S. Driver, Gulf Science and Technology Company.) 
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ratio resulting from 48-fold stacking. All deconvolution 
and display factors are the same for 6-fold and 48-fold. 
~ote the improved overall reflection continuity on the 
48-fold stack and, specifically, the following: 

(a) There is a question whether the event at 1.4 sec, 
Shot Point 450, correlates on the 6-fold with the event at 
1.280 sec or the event at 1.370 sec, Shot Point 510. Look­
ing at the corresponding events at Shot Point 510 on the 
48-fold, one can see that the event at 1.370 is suppressed 
relative to the event at 1.280. From this, it may be con­
cluded that the lower event may have been mostly multi­
ple energy and, as such, was more effectively suppressed 
by the high fold of stack. Proper migration of the right­
dipping event at 1.300 sec, Shot Point 490, will no doubt 
show it to be above the previously mentioned events. 

(b) Similar migration would resolve the apparent con­
tradiction of interfering events about 2.0 sec at Shot Point 
190. 

(c) The right-dipping fault between 1.0 and 1.5 sec 
under Shot Points 160 to 200 is sharply defined on the 
48-fold but might be missed on the 6-fold. 

There are many other similar instances of improved struc­
tural and lithologic resolution attributable to the in­
creased fold of stacking. However, some caution is 
needed in making these comparisons-the neophyte may 
pass from a clearly defined event on the 48-fold to its faint 
counterpart on the 6-fold and erroneously conclude that 
the 48-fold is superfluous. The critical question is 
whether neophytes would have recognized the event on 
the 6-fold alone and whether, on that basis alone, they 
could defend any of their geological conclusions and pre­
dictions with sufficient authority to justify the large ex­
penditure of drilling a well. 

Stacking is no panacea, but it is extremely powerful in 
multiple suppression, and it is an essential technique for 
extracting velocity information. Flowers (1976) discusses 
some of the advantages and pitfalls related to modern 
seismic reflection. For some spectacular high-resolution 
color displays, see also Taner and Sheriff ( 1977). 

D. RECOMMENDATIONS 

In light of several geological problems that require 
geophysical measurements in order to be better under­
stood, we make the following recommendations: 

1. No opportunity should be lost to exploit boreholes 
for the purpose of: 

(a) measuring the physical properties of the rocks; 
(b) forming a link between the subsurface and sur­
face geophysics; and 
(c) serving as a laboratory to improve techniques. 
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For example, we recommend that the wells drilled by the 
Continental Offshore Stratigraphic Test Group (COST), a 
consortium of petroleum companies, be used to calibrate 
the effectiveness of the vplv, ratios derived from ex­
panded spreads as well as to extend downhole mea­
surements and instrumentation. 

2. Long, multisensor (reflection, refraction, potential, 
and electrical methods) geophysical traverses across 
strike should be recorded from cratonic provinces over 
orogenic belts and across both active and passive conti­
nental margins. Some complementary traverses should 
be recorded along strike. All traverses should tie 
boreholes in the most effective way. Special in-line and 
three-dimensional shooting techniques may be required 
to achieve resolution beneath detachment surfaces. This 
kind of work and associated LANDSAT studies would form 
a bridge between land and marine geology-a neglected 
bridge. 

3. More long-distance refraction measurements should 
be made on continental margins. Such measurements 
should be made jointly with deep-penetration reflection 
and other geophysical techniques that use surface and 
bottom seismometers. These measurements should be 
made in conjunction with similar projects on land. 

4. Many vessels in the U.S. oceanographic fleet are in­
adequately instrumented for the resolution and deep 
penetration needed to solve significant geological prob­
lems on continental margins. Most of the fleet's research 
ships lack advanced multichannel seismic-reflection sys­
tems. Efficiency in achieving primary geological objec­
tives requires up-to-date instrumentation. Using modern 
geophysical equipment saves dollars. When a budget is 
limited, it is preferable to have a smaller number of 
well-instrumented vessels employed in marine geology 
and geophysics than to have a larger number of in­
adequately instrumented ships. We therefore recommend 
that two modern geophysical research vessels be outfit­
ted to work on the U.S. East Coast and West Coast, re­
spectively (for details, seep. 187). 

5. Broader-band seismic-reflection and -refraction sys­
tems should be used. These enhance resolution and im­
prove measurements of amplitudes, velocity, and attenua­
tion. Greater multiplicity of recordings is necessary to 
improve signal-to-noise ratios over this extended 
bandwidth. This could involve improved sources, bottom 
shooting, and recording techniques. Digital recording is 
recommended for dynamic range and to take optimum 
advantage of processing programs. Seismic stratigraphy 
and lithologic resolution would be enhanced. 

6. A sea-bottom source of shear waves should be de­
veloped. To do this, industry's activities will need to be 
coordinated with those of government and academe. 

7. A standard seismic test tape or test procedure 
should be adopted to specify the actual response of the 
various systems employed and to facilitate their integra­
tion. Correct polarity and understanding of phase re­
sponse are essential for lithologic deductions. We rec-
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FIGURE ll .5 A comparison between 6-fold [(a) above) and 48-fold [(b) opposite) stack pro<.·essing of the same mw 
data. The bottom panels illustrate the same data, migmted. (Courtesy of E. S. Driver, Gulf Sdence and Technology 
Company.) 

om mend that the Soc·iety of Explomtion Geophysicists be 
approached to determine whether any effort of this sort is 
under way and, if not, whether such an endeavor could he 
undertaken. 

Present marine geophysical techniques are important 
in any study of continental margins, but problems arise 
when attempto; are made to merge information collected 

by one institution with that collected by another. This is 
well illustrated hy discrepancies observed between the 
interpretation of multichannel and single-channel 
seismic-reflection data within the same area. Differen<.·es 
in navigational accuracy and the corrections applied to 
raw data (e.g., diurnal corrections applied to raw magnetk 
data) often make it difficult to compile data from different 
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(b) 

sources. Examination of margins thought to be of different 
ages or formed in different ways would be extremely val­
uable if the same geophysical and geological techniques 
and instruments were used. 

8. Since they supply additional descriJJtions of subsur­
face rocks, magnetotelluric, electrical, and heat-flow 
measurements are recommended. 

2.0 

9. On the East Coast, the National Magnetic Anomaly 
Map should be extended offshore to include the 
M-sequence of magnetic stripes. We endorse the current 
work being done by the Naval Research Laboratory on 
the U.S. East Coast. 
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12 The Application of 
Remote Sensing 

A. LANDSAT IMAGES 

LANDSAT 1 (launched in July 1972) and LANDSAT 2 
(launched in January 1975) use multispectral scanners to 
provide repetitive coverage of the earth's surfa,·e re­
sources and environmental conditions. LANDSAT imagery 
gives ground resolution of 80 m and has provided valu­
able information about the extent and duration of changes 
in surface conditions caused by man or hy nature. In addi­
tion to a multispectral scanner similar to that on the ear­
lier satellites, LANDSAT C will also carry a thermal in­
frared scanner and a panchromatic return-beam vidicon­
tube that can give surface images with a 40-m ground 
resolution. The National Aeronautics and Space Adminis­
tration (NASA) plans to launch LANDSAT D early in the 
1980's. That satellite will carry a thematic mapper that 
will provide multispectral images of the earth's surface 
with a 30-m spatial resolution (CORSPERS, 1976). 

SEASAT-A, NASA's ocean-dynamics satellite, is planned 
for launch in 1978. Its synthetic-aperture imaging radar, 
with ground resolution of about 25 m, should he of great 
value in coastal studies. It is to he hoped that the radar 
will be activated over the land extension of continental 
margins.* 

•The SEASAT-A spacecraft failed in orbit on October 9, 1978, as a 
result of a massive short circuit in its electrical power system. 
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LANDSAT images are obviously important for coastal­
zone management, because they offer a unique synoptic 
view of marine and coastal systems and shallow nearshore 
bathymetry . LANDSAT images adjunct to the coastal 
studies advocated on pp. 35-37 are useful to obtain a 
worldwide overview of sedimentation patterns in the 
coastal zone. In addition to the intrinsic interest of such 
studies, these studies will provide models of reservoir 
distributions in subsurface. 

Suspended sediments frequently provide natural 
water-mass tracers that can be used to map nearshore and 
estuarine current circulation. Repeated imaging of the 
same area should help to study seasonal variations in 
these circulation patterns. So, LANDSAT and SEASAT data 
will be of particular relevanl·e to a program in shelf­
sediment dynamics. 

B. SATELLITE ALTIMETRY 

The figure of the earth or geoid can be determined from 
terrestrial gravity data and from observations of artificial 
satellites. The geoid in oceanic areas, however, corre­
sponds to the mean sea surface to within a meter or two, 
so recent developments in satellite altimetry (McGoogan 
eta/., 1975; Leitao and McGoogan, 1975) are l'Urrently of 
much geophysical interest. 

Satellite radar-altimeters measure the distance he-

Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


164 RESEARCH TOOLS AND METHODS 

tween the ocean surfilce and the altimeter, which, when 
subtracted from the calculated height of the altimeter 
above the reference ellipsoid, gives the geoid undulation . 
A satellite altimeter was in use during the SKYLAB and 
GEOS-3 missions. The altimeter transmitted a radar pulse 
downward and received the pulse reflected from the sea 
surface. The altimeter measured the sea-surface height 
over a "footprint" of ahout 14 x 14 km2 • The ac<.·unl<:y of 
data from the SKYLAB and GEOS-3 mission launched in 
April 197S is about 1m in the global mode and 50 em in 
the intensive mode. Forthcoming missions such as 
SEASAT-A will have an accuracy of about 10 <.·m, which 
will give extremely important information on ocean cur­
rents and circulation . 

The first experiment done during the SKYLAB mission 
revealed that the well-known gravity low over the Puerto 
Rico Trench was reflected as a depression in the sea sur­
face. J. Marsh at the Goddard Space Flight Center (GSFC) 
Geodynamics Branch is currently <.·onstrueting a 
gravimetric so x so geoid in the northwestern Atlantic 
Ocean and a geoid profile across the Blake Plateau and 
the southeast U.S. continental margin. This profile agrees 
with the geoid derived from satellite tracking data to 
within about 2m. SEASAT-A will carry an altimeter with a 
2-km footprint and 10-cm accuracy. 

These altimeter measurements may prove to be a most 
useful tool in outlining the broad structure of an Atlantic­
type margin (see Figure 12.1). The geoid resolves fea­
tures with wavelengths longer than about 30 km and 
therefore excludes short-wavelength features that corre­
late closely with topography in free-air gravity-anomaly 
profiles. Currently. two features of much interest are the 
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FIGURE 12.1 GEOS-3 satellite altimeter profile across conti­
nental margin off Nova Scotia. The margin is associated with a 
step in the geoid of about 6 m. (Courtesy of Lamont-Doherty 
Geological Observatory of Columbia University and the National 
Aeronautics and Space Administration.) 

broad sedimentary basins underlying the continental rbe 
and the transition zones between oceanic and continental 
<.·rust. 

C. SATELLITE GRAVIMETRIC GEOID 

The broad features of the global geoid can he determined 
by precise satellite tracking. and this has been done with 
increasing detail and precision since the early days of the 
space age. At GSFC, a series of gravimetric gt>oids, based 
on satellite and surfa<.·e gravity data, has !wen con­
structed, the latest being GEM-1 0 (Goddard Earth 
Model-10). Such geoids show the long-wavelength fea· 
tures of the geoid. They are important to the study of 
continental margins. First, they provide information 
about mass distribution in the upper mantle, subject. of 
course, to the ambiguity inherent in all gravity investiga· 
tions. Set·oncl, they provide reference fields for surface 
investigations or, as previously mentioned, for satellite 
altimetry measurements . 

The latest geoid reveals generally good correlation be· 
tween gravity and Pacific-type continental margins . 
Atlantic-type margins, on the other hand, have much les~ 
pronounced gravity signatures. However, there are ex· 
ceptions to these relations for both types of margin. and 
these exceptions may prove more interesting. 

D. MAGSAT AND CRUSTAL MAGNETISM 
INVESTIGATIONS 

The GSFC Geophysics Branch, in conjunction with the 
U.S. Geologi<.·al Survey, is carrying out investigations rt>­
lated to crustal magnetism as measured by satellitebome 
magnetometers. Regan et al. (1975) demonstrated that 
crustal magnetism could he mapped on a global bash 
from satellites. Therefore, a satellite (MAGSAT) carryinj! 
both vector and scalar magnetometers at about 350 x 500 
km2 altitude will be launched in late 1979 specifically fi1r 
crustal anomaly studies and to update field models. It will 
have a 97° inclination and about a ~month lifetime, suffi· 
dent to produce a near-global magnetic map. The attll· 
racy of scalar magnetometer measurements will he 3y in 
orbit, and the accuracy of the vector magnetometer will 
be &y in each component. 

Satellite magnetic-field measurements can also reveal 
information on crustal structure at depths a hove tht> Curie 
isothenn. This infonnation is specifically relevant to t-on· 
tinental margins. For example. Regan et al. (1975) pro­
vide regional magnetic reference fields that can serve <ts 

background for aerial or surface magnetic surveys. The 
relation between regional magnetk anomalies and t-onti· 
nental margins must have some relationship to the re­
spective structure and t·omposition. Also, at lt>ast in some 
areas. such as Australia, the satellite magneti<.- map ap­
pears to outline ophiolite belts, which are generally t-on· 
sidered to he former continental margins. 
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E. MONITORING PLATE MOTION AND 
DEFORMATION 

Classical geodesy and earlier satellite geodesy are evolv­
ing rapidly with space technology, which is providing 
new and extremely accurate ways of measuring cmstal 
motion and deformation. These techniques involve laser 
ranging to-and-from satellite (SLR) and to-and-from laser 
reflectors (LLR) now in place on the moon, as well as 
very-long-baseline microwave interferometry (VLBI). The 
latter technique involves the use of large radio telescopes 
to rec:eive and record signals from extremely distant 
quasar sources. It is expected that in the near future, ac·­
curacies of about 5 em will be achieved over baseline 
distances exceeding 3000 km. 

If succ·essful, these tec·hniques will permit scientists 
ac-tually to measure motions between plates and within 
plates. This direct test of the plate-tectonics hypothesis 
would not fail to impact continental-margin studies, he­
cause it would provide a direct means to relate plate mo­
tions to seismicity and volcanicity on active margins. Sev­
eral experiments are currently in progress: 

1. The Pacific Plate Motion Experiment (PPME) will 
use large, fixed radio telescopes in California, Texas, 
Alaska, Massachusetts, and eventually Hawaii to measure 
the motion of the Pacific plate relative to the North 
American plate and to determine deformation within the 
l':orth American plate itself. 

2. The Astronomical Radio Interferometric Earth Sur­
veying (ARIES) experiment will use relatively small por­
table antennas in conjunction with the Goldstone 
(California) antenna to measure distan<:es of a few hun­
dred kilometers in California to accuracies of, eventu­
ally, 5 em. 

In addition to this, an experiment involving SLR is 
being carried out along the San Andreas Fault, which can 
be c'Onsidered part of the continental margin in a broad 
sense; so that anything learned about the fault will be 
relevant to continental margins in general. The San An­
dreas Fault Experiment (SAFE), being carried out by the 
GSFC Geodynamics Branc·h, is a project using laser track­
ing systems to measure the relative motion of the North 
American and Pacific plates along the San Andreas fimlt 
system over a very long baseline-about 1,000 km. One 
tracking station is at Otay Mountain, near San Diego, and 
the other at Quincy, California. The technique used is to 
bounce laser pulses off retrorefle<:tors on the Satellite 
LAGEOS and other satellites equipped with cubed comers 
in order to obtain distance measurements accurate to 
5-10 em. Preliminary measurements suggest right-lateral 
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movement of about 9 em/year between Quincy and Otay 
Mountain. The project is planned to mn through 1981. 
Other stations may be established aound the Gulf of 
California. 

REFERENCES AND BIBLIOGRAPHY 

Anon. (1976). National Aeronautics and Space Administration 
briefing on Earth and Ocean Dynamics Program (EODAP), June 
4, available from NASA. 

CORSPERS (1976). Resource and Environmental Sun;eys from 
Space with the Thematic Mam>er in the 1980's, a report by the 
Committee on Remote Sensing Programs for Earth Resource 
Surveys, Commission on Natural Resources, National Re­
search Council, National Academy of Sciences, Washington, 
D.C. 

CORSPERS (1977). Microwave Remote Sensing from Space for 
Earth Resource Sun;eys, a report by the Committee on Remote 
Sensing Programs for Earth Resource Surveys, Commission on 
Natural Resources, National Research Council, National 
Academy of Sciences, Wa.~hington, D.C., 148 pp. 

Leitao, C. D., and J. T. McGoogan (1975). SKYLAB radar altime­
ter: Short wave-length perturbations detected in ocean surface 
profiles, Science 186:1208-1209. 

Lowman, P. D., Jr. (1976). Geoscience applications of space 
technology, 1975-2000, a report available from the Technical 
Information Division, Code 250, Goddard Space Flight Ct>n­
ter. Greenbt>lt, Md. 

Marsh, J. G., and S. Vincent (1974). Global detailed computation 
and model analysis, Geophysical Sun;eys 1, D. Reidel Publ. 
Co., Dordrecht, Holland, pp. 481-511. 

McGoogan, J. T., C. D. Leitao, and W. T. Wells (1975). Summary 
of SKYLAB S-193 altimeter altitude results, NASA technical 
memorandum, Rer>. No. NASA Tm X-69355, 323 pp. 

NASA (1976). Outlook for space, a report to the NASA Adminis­
trator, by tht> Outlook for Space Study Group, available from 
NASA Sdentific and Tech. Info. Office, Washington, D.C. 

Otterman, J., P. D. Lowman, and V. V. Salomonson (1976). Sur­
ceying Earth Resources by Remote Sensing from Satellites, 
Geo11hys. Surveys 2, D. Reidel Publ. Co., Dordrecht, Holland, 
pp. 43I-467. 

Regan, R. D., J. C. Cain, and W. M. Davies (1975). A global mag­
netic anomaly map,). Geor>hys. Res. 80:794-802. 

Short, N. M., P. D. Lowman, Jr., S.C. Freden, and W. A. Finch, 
Jr. (1976). Mission to Earth: Landsat Views the World, NASA 

SP-360, NASA Scientific and Technical Information Office, 
Washington, D.C. 

Vonbun, F. 0. (1976). Earth and oct>an dynamics satellites and 
systems-An overview, Proceedings of the XXVI Interna­
tional Astronautical Congress, L. G. Napolitano, ed., Perga­
mon Press, New York. 

Williams, R. S., Jr., and W. D. Carter, eds. (1976). ERTS: A new 
window on our planet, USGS/Prof. Par>er 929, U.S. Govern­
ment Printing Office, Washington, D.C. 

Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


13 
The Role of 
Drilling for 
Scientific Purposes 

Drilling reveals the truth, and in geology, truth is hard 
and expensive to come by. Petroleum geologists know 
this best, for they often see their predictions evapomte as 
dry holes are abandoned. The experience bruises the ego, 
is sobering, but delightfully humanizes a soul. It would 
he salubrious to scientists in academe and government to 
more intimately share similar experiences. The Deep Sea 
Drilling Project (DSDP) gave many scientists their first 
major opportunity to test their scientific predictions by 
the drill. 

Offshore drilling evolved in the mid-1920's from exten­
sions of nearby onshore explomtion to the waters of the 
Gulf of Mardcaibo and off California. In the 1930's, rigs 
were mounted on barges in the swamps of Louisiana. Fi­
nally, in 1947, Continental, Union, Shell, and Superior 
Oil companies formed the cuss group in California to 
develop new off..,hore drilling techniques. The "cuss 1," 
constructed in 1956, became the first true floating drilling 
rig. 

In connection with the Mohole Project,* cuss 1, using 
four temporary dynamic-positioning units, drilled a one­
hit hole with 560-ft (171-m) penetration in 11,672 ft (3558 
m) of water in off..,hore California. (Dynamic positioning 
"anchors" the ship to a beacon on the seafloor by means 

*The Mohole Project was an effort designed to drill a hole into 
the earth's crust and through the Mohorovicic discontinuity. 
Project Mohole was cancelled in 1967. 
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of acoustic and electronic devices rather than by mooring 
lines.) That hole marked the first use of dynamic position· 
ing. Also, that hole reached a depth that was not exceeded 
until the Glomar Challenger finally drilled a deeper one. 

Industry has developed a wide mnge of drilling rigs 
(Figure 13.1). Some 400 units should be available by 
1978, about a third of them for opemtion in U.S. waters. In 
1976, industry drilled 132 wells in water depths exceed· 
ing 600ft (183 m). Fifty-eight wells have been drilled in 
waters deeper than 1000 ft (305 m). Esso Exploration 
holds the record; they drilled a well in 3460 ft (1055 m) of 
water in the Andaman Sea. The total depth of Esso's drill 
well exceeded 14,000 ft (4267 m). There are now about 
seven rigs, ovemll, that can drill in waters deeper than 
3000 ft (914 m). Ten additional rigs are being constructed, 
some of them capable of drilling depths of about 6000 ft 
( 1829 m). For example, the Discoverer Seven Seas drill 
ship (owned by Off..,hore International S.A.) (Figure 13.21 
has an opemting water depth of 250-600 ft (76-183 m) 
and a rated drilling depth of 25,000 ft (7620 m) .. ~ 
deepwater drill ship costs about $50 million to build and 
to outfit. Opemting costs are about $100,000 per day. 

Geer (1975) gives a capability forecast for industry in 
Figure 13.3. The solid line shows an estimate of the cur· 
rent and short-term extensions to mobile drilling capabil· 
ity (excepting the Arctic). The dashed line predicts futurt' 
capability based on new progmms. Geer mentions some 
additional problems: 
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Drilling for oil and gas in deeper waters and the Arctic offshore 
will require innovative extensions of current drilling practices 
('Oupled with new technology. The petroleum industry has the 
development capability but unless the offshore prospects be­
come available, the process of novel and innovative develop­
ment will move slowly. The major delay in development of the 
new generation of floating rigs with deepwater drilling capabil­
ity similar to the SEDCO 445 is the questionable need for this type 
of deepwater drilling equipment in view of the uncertain gov­
ernment policy, lease sale schedules, and economic climate . 

The technical problems which <."Onfronted dt>velopers of these 
deepwater drill ships included: Reliable mooring and dynamic 
positioning systems of the vessel, well re-entry techniques and 
equipment, electro-hydraulic control systems for safe and reli­
able control of the subsea wellhead blowout preventor (BOP), and 
competent marine riser systems. A substantial amount of en­
gineering will be required to optimize the systems and equip­
ment for routine use down to about 3000 feet. Beyond this depth, 
additional research and development effort will be necessary to 
refine or replace the marine riser and the BOP control system. 

. . . Drilling for oil in the Arctic offshore environment will be 
an especially difficult and expensive undertaking. Arctic offshore 
drilling structures must be able to resist very large loads imposed 
by moving ice sheets, or they must be able to move off location 
quickly. 

To date, the search for petroleum in the offshore Arctic waters 
has focused on the shallow water, solid frozen , fast ice areas, 
Exploratory drilling operations have been conducted from artifi­
cial (gravel) islands in the Canadian Arctic. As operations move 
into deeper Arctic waters (beyond about 60 feet) the portion of 
the Arctic Ocean that is covered all or part of the time by moving 
pack ice is encountered. The industry is committed to develop­
ing operating capability in this regime as shown by the four pro­
posed means [Figure 13.4 of the present report] for conducting 
exploratory drilling operations in Arctic waters. However, all of 
these mobile offshore Arctic rig concepts will be very expensive 
to build and operate. Costs may run 2-3 times normal offshore 
drilling costs. Therefore, it will be imperative that a competent 
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Ship 

FIGURE 13.1 Family of drilling rigs . 
(Courtesy of R. L. Geer, Shell Oil Com­
pany.) 

understanding of the Arctic offshore environments be developed 
and new technology evolved to fill the needs as the industry 
moves out from the shore. 

Commercial offshore drilling mostly evaluates offshore 
prospects. There are, however, some cases in which drill­
ing addresses problems that are less directly related to 
specific prospects. In the past, petroleum companies did 
shallow coring in offshore areas aimed at getting some 
information on shallow layers . Such data helped to inter­
pret seismic data. The results of one such program were 
published by Lehner (1969). 

More recently, the U.S. Geological Survey undertook a 
coring program to obtain reliable data for environmental 
appraisals and to help in evaluating offshore resources 
(Hathaway et a/., 1976). Geotechnical and engineering 
properties of sediments were measured, freshwater 
aquifers were defined, possible resources such as phos­
phates, sand, and gravel deposits were studied, and again, 
geophysical data were calibrated. 

Since 1975, a consortium of 31 petroleum companies 
-the Continental Offshore Stratigraphic Test (COST) 
group-has been drilling a number of wells on U.S. con­
tinental margins. These tests are aimed at getting data for 
stratigmphic information in areas coming up for offshore 
sales. Government regulations stipulate that all geologi­
cal information on such wells be published 60 days after 
such leases are made . COST wells usually are drilled in 
positions best suited for calibmtion of stratigraphic se­
quences. They often are quite deep. For instance, the 
COST B-2 well extends to a total depth of about 16,000 ft 
(4877 m). The scientific value of such information is im­
mense , but it must not be ove rlooked that these wells are 
primarily aimed at getting geneml stratigraphic informa­
tion in sale areas (Scholle, 1977). They are not oriented 
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FIGURE 13.2 Discoverer Seven Seas drill ship. (Courtesy of Offshore International, S.A.) 

toward solving basic scientific problems, e .g., the drilling 
into the marginal high of the Atlantic or testing dif­
ferences in diagenesis between adjacent but differing 
carbonate facies . 

Let us briefly review the DSDP. In 1964, four major 
oceanogmphic institutions got together and formed the 
Joint Oceanogmphic Institutions for Deep Earth Sam-

piing (JOIDES) consortium. A national program for coring 
ocean sediments was designed. The Glomar Challenger. 
capable of drilling in water depths up to 20,000 ft (6096 
m) with a penetration of about 2500 ft (762 m), was con· 
structed and launched in spring 1968. Over 400 holes 
were drilled since that time (Figure 13.5). Drilling in 
10,000-15,000 ft (3048-4572 m) became routine; the 
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FIGURE 13.3 Industry mobile drilling and underwater com­
pletion capability projection. (Courtesy of R. L. Geer, Shell Oil 
Company.) 

deepest water depth being 20,483 ft (6243 m). The 
deepest penetmtion below the ocean floor was 5709 ft 
(1740 m). This deep a bore was possible because a reli­
able hole re-entry capability was developed. Re-entry 
means that the drill string or other instrumentation can be 
guided back into an existing drilled hole at once or after 
returning from a port call. In 1976, one hole drilled in 
over 14,000 ft (4267 m) of water was re-entered nine 
times. 

The Glomar Challenger has no riser system• and no 
blowout-prevention mechanisms. Therefore, drilling 
sites are carefully scrutinized for any safety risk. Several 
independent panels review drilling-site proposals. IPOD 

drilling is scheduled to cease in 1979, and DSDP will he 
phased out by 1980. The total DSDP costs by that time will 

• A marine riser is a large-diameter tube (407 -508 mm) installed 
between the floating drilling rig and a seafloor well-head. The 
functions of the riser and the well-control system on the drilling 
vessels are (1) to allow drilling fluids to circulate from the hole, 
through the drill pipe and back to the ship, and (2) to control 
pressure and borehole sealing at the seafloor, through the well­
control system, in areas of potential hydrocarbon traps. 
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amount to $137 million, including some $19 million in 
foreign contributions that became available in the late 
IPOD phase of the DSDP progmm. Contributing countries 
are the Soviet Union, Gennany, the United Kin~dom, 
Fmn<.·e, and Japan. 

Some of the major achievements of the DSDP include 
the following: 

Confirmation of seafloor spreading; 
Calibmtion and verification of magnetic chronology; 
Age of the ocean crust is less than 200 million years; 
Organic-rich shales in deep-ocean basins (mainly the At-

lantic); 
Red Sea brines related to spreading center; 
Changing geochemistry of the oceans; 
Changing sediment-distribution patterns; 
Large-scale vertical movements; 
A unifying view of global stmtigraphy . 

The JOIDES Ad Hoc Subcommittee on the Future of 
Scientific Ocean Drilling (FUSOD) held a conference in 
March 1977, at Woods Hole, Massachusetts. For this con­
ference, many working papers were prepared and re­
viewed. Large portions of these papers have been used 
for this report. The conference participants recommended 
a new, 10-year, deep-ocean drilling program using 
Glomar Challenger technology as well as the Glomar 
Explorer-equipped with a riser and well-control sys­
tem. Program costs are estimated to total $450 million for 
10 years (including Glomar Explorer conversion). 

In the oil business, drilling marks the end of a long 
chain of explomtion activities. These often begin with 
geological, gravity, and magnetic reconnaissance surveys. 
Then, a seismic-reflection reconnaissance grid is made 
and subsequently detailed by additional surveys to define 
the prospect and locate a preferred drilling site. During 
and after drillin~. the well is log~ed (see p. 156) to 
obtain petrophysical data and to help relate rock prop­
erties to the distribution of seismic reflectors. 

FIGURE 13.4 Mobile drilling concepts for offshore Arctic 
waters. (Courtesy of R. L. Geer, Shell Oil Company.) 
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With some justification, the DSDP program was 
criticized hy industry's ·earth scientists for inadequate 
preparatory work and inadequate logging. In fact, most 
holes were drilled on the basis of poor to very poor seis­
mic data. Much better data could have been obtained (at a 
higher cost, of course) using seismic contractors. 
Moreover, there are few cases in which regional seismic 
lines of decent quality illustrate the geological context 
within which the holes were located. Finally, few holes 
were logged, and these were not logged completely. The 
impression all this gives is that, in the euphoria of getting 
exciting data, and given the momentum of the operation, 
quality was often sacrificed for the sake of quantity. A 
small amount of progress in the right direction is being 
made in the current IPOD program. 

In the future, adequate scientific preparation for these 
holes is a must. The high costs, coupled with fiscal rtt 
sponsibility, simply demand proper preparation for drill­
ing. In emphatic agreement, we would like to quote from 
the report of the JOIDES Ad-Hoc Subcommittee of the Fu­
ture of Scientific Ocean Drilling: 

It cannot be overemphasized that the hole is not the experi-

ment, it is the ground truth that translates geophysical paranle­
ters into geological reality. Just as drilling an exploration well in 
search of hydrocarbons in a new area follows a long program nf 
regional and site specific geological and geophysical investiga· 
tions. so must a scientific well follow a well integrated program 
of broad scale problem definition and small scale site examina­
tion. Although the drill is a very powerful tool for helping to 
solve some fundamental scientific problems, it cannot solve, or 
even define, the problems on its own. An investment in a drill in!( 
vessel without a commensurate investment in scientific investi­
gations on an appropriate scale could not be supported in a good 
t•onscience. In fact, the committee feels so strongly about this 
subject that it recommends the drilling program envisaged in this 
report only if adequate funding is assured for scientific studil'$ 
for 

(i) broad scale problem definition 
(ii) small scale site examination and preparation 

(iii) sample analysis 
(iv) interpretation and synthesis 
to he carried out in conjunction with a drilling program. 

Not only is it necessary to provide funding for these scientific 
activities, it is essential to do so in a manner that the funds so 
earmarked cannot be diverted for drilling activities. Otherwise. 
there is always the danger that contingencies arising in l'Oillll"<.' 

tion with an expensive drilling program will swallow the funds 

WORLD 1 •o.ooo.ooo 

FIGURE 13.5 Location of DSDP holes. (Courtesy of the Deep Sea Drilling Project.) 
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needed for geophysical studies, site location surveys, sample 
studies, interpretation and syntheses, and thereby completely 
frustrate the overall aim of the scientific program. 

The position of this Panel with regard to drilling for 
scientific purposes is elaborated in Part III, Chapters 15 
and 16 (see, particularly, pp. 188-190). 
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14 
The Role of Ships 
and Submersibles for 
Continental-Margin Research 

THE U.S. OCEANOGRAPHIC RESEARCH FLEET 

The U.S. research fleet consists of the following: 

(a) The academic-institutions-based fleet. This consists 
of 28* ships plus the deep-sea submersible, Alvin. Of the 
fleet, 20 ships were constructed with federal funds-ten 
by the National Science Foundation (NSF) and ten by the 
U.S. Navy. The scheduling of the fleet is coordinated 
through the University National Oceanographic Labora­
tory System (UNOLS). UNOLS is a unique organization, de­
veloped as a planning and coordinating mechanism for 
oceanographic facilities, and is a joint effort hy the 
academic community and the federal funding agencies, 
principally the NSF, the Office of Naval Research (ONR), 
the National Oceanographic and Atmospheric Adminis­
tration (NOAA), the Department of Energy (DOE, formerly 
ERDA-the Energy Research and Development Adminis­
tration), the Environmental Protection Agency (EPA), and 
the U.S. Geological Survey (USGS). Support for operation 
of this fleet is provided principally by NSF (68 percent), 
with ONR, USGS, DOE, the Bureau of Land Management 
(BLM), and other federal agencies contributing most of the 
balance of a total annual budget of about $22 million. 
Approximately half of the fleet is engaged primarily in 
"blue-water" oceanography; the remainder, in coastal 

•Plus one under construction to replace an old ship retitled in 
Fall 1976. 

172 

and continental-shelf research. Areas covered include 
geochemical, physical, biological, and geological­
geophysical research. 

Both UNOLS and NSF (in coordination with other a~ten· 
cies) are currently developing fleet plans for the comin~ 
10-15 years. 

The current distribution of ship size and prelimina~ 
projected fleet size is as follows: 

Actual 
General Purpose 1977 

Small coastal (under 99ft) 9 
Large coastal (100-149 ft) 4 
Intermediate (150-199 ft) 9 
Large (200-240 ft) 5 
Very large (240ft+) 2 
Specialized 
G&G large/intermediate 0 
Arctic intermediate 0 

TOTAL SHIPS 29 

Deep submersible 1 
Submersible tender 1 
Manned ocean station 0 
Shallow habitat 0 

Preliminary 
UNOLS 
Projections 
1990t 

16 
8 

11 
5 
4 

2 
1 

47 

2 
2 
1 
1 

f UNOLS preliminary projections may change somewhat with 
further iterations of their plan. 
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The academic fleet, as indicated in this table, is mixed 
in ship size, distribution, age (not indicated in the table), 
and age and sophistication of onboard equipment. The 
ships range in age from the 202-ft RIV Vema, built in 1923 
to the 177-ft RIV Endeavor, built in 1976. Most of the 
large ships of the academic fleet were built in the mid-
1960's, whereas six of the intermediate-size ships were 
constructed in this decade . In marine geological­
geophysical research, a few of the vessels, such as the R!V 
Ida Green of the University of Texas (not under UNOLS) 
and the RIV Conrad of the Lamont-Doherty Geological 
Observatory of Columbia University (part of UNOLS), are 
equipped to conduct 24-channel multichannel seismic 
work. The University of Texas research ships (R!V Ida 
Green and RN Longhorn) are not part of UNOLS and oper­
ate at an annual cost of $0.5 million. The bulk of the fleet, 
however, uses the standard single-channel reflection sys­
tem, with air gun-sparker sound source, sonobuoy refrac­
tion, 3.5-kHz echo-sounder, gravimeter, magnetometer, 
and coring and dredging systems. Scripps Institution of 
Oceanography has a 12-channel multichannel system, 
and Woods Hole Oceanographic Institution has a 
6-channel system. Navigation systems aboard these ves­
sels range from satellite to Loran systems. The sharp rise 
in the cost of operating ships since 1970 has not been fully 
matched by an increase in the ship-operating funds for 
support of the academic fleet. Consequently, one or sev­
eral fleet ships have operated considerably less than full 
time or have been laid up entirely, each year for the past 
4-5 years. A major cause of this has been the steady de­
cline in ONR ship support, only partially offset by ship use 
by other federal agencies such as the Bureau of Land 
Management (BLM). 

(b) The NOAA fleet is a fleet of 23 research vessels rang­
ing in size from the 303-ft Oceanographer to vessels 
under 100 fi in length. Of this fleet, 13 ships are involved 
in hydrographic- geological- geophysical-physical­
chemical research. The rest of the fleet is involved in 
biological (largely fisheries) research. The nonbiological 
research is concentrated primarily in mapping, charting, 
and physical oceanographic research around the conti­
nental margins of the United States, extending into the 
oceanic regions out to 200 miles. Capital ships of the 
NOAA fleet, such as the Oceanographer, Discoverer, Re­
searcher, and Surveyor, are used for open-ocean research 
and for environmental studies in hardship areas such as 
the oceanic areas surrounding Alaska and in the North 
Pacific. The Discoverer and Surveyor are working exclu­
sively on BLM work. The cost of operating this fleet is 
about $34 million/year. 

(c) The U.S. Navy research fleet. The U.S. Navy carries 
out limited geological and geophysical research work 
along the continental margins. Much of the Navy's re­
search is done aboard research vessels based at the indi­
vidual laboratories or operated by the Oceanographer of 
the Navy through the Naval Oceanographic Office or 
NORDA at Bay St. Louis, Mississippi. The research fleet 
has eight vessels; they are engaged primarily in physical 
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oceanographic and acoustical research work. Very little 
marine geophysical or geological work is carried out. Two 
of these vessels, the USNS Chavenet and the USNS 
Harkness, are 395 fi in length and displace 4200 tons. The 
other vessels range in size from 200 to 280 ft in length. 
The cost of operating this fleet is about $38 million/year. 

(d) The industry research fleet. This is the largest and 
the most highly specialized fleet in existence for the 
study of continental margins. Typically, the vessels are 
used for oil prospecting along the world's continental 
shelves; are of the order of 150-200 ft in length; and are 
equipped with long, multichannel acoustic arrays and 
complete onboard seismic-processing systems. Contract­
ing companies offering their services are too numerous to 
list in this summary. Several petroleum companies oper­
ate seismic-prospecting vessels of their own. An outstand­
ing example of these ships is Gulfs Hollis Hedberg (see 
Appendix C). 

With the present budget, the academic community will 
not be able to equip or update the capabilities of its re­
search ships to be competitive with the capabilities of 
commercial ships such as the RIV Hollis Hedberg (see 
recommendation on p. 187). 

(e) The submersible research fleet. (For a summary, see 
Heirtzler and Grassle, 1976.) 

DSRV Alvin: The Alvin is the nation's most versatile 
and widely used research submersible. Its depth capabil­
ity is 12,000 ft (actual) and 14,000 ft (theoretical). The 
Alvin is used for most continental-slope as well as deep­
ocean (primarily ridge-crest) studies. Together with her 
mother ship, the catamaran, Lulu, the Alvin has worked in 
both Pacific and Atlantic waters, although the bulk of her 
dives have been concentrated along the Atlantic margin 
of North America. With an underway endurance of about 
10 hours under water, the Alvin has served largely as a 
precise bottom-sampling (biology, geology, chemistry) 
platform as well as a vehicle for extending the scientist's 
eye onto the ocean floor. The latter approach has been 
extremely successful when the Alvin worked closely with 
detailed surface-ship-generated bottom-photo surveys 
and multibeam sonar dive-site surveys. Support for the 
Alvin and the Lulu operations is provided by NSF, NOAA, 
and ONR. It amounts to $1.5 million annually. Shiptime 
for the Alvin is apportioned by a UNOLS review group, 
which examines competing requests. 

DSRV Seacliff and DSRV Turtle: These are two 6000-
ft-depth submersibles operated by the U.S. Navy and 
based in San Diego, California. Both vehicles occasion­
ally have been made available through ONR to academic 
investigators and have largely been used in the mid­
Pacific, West Coast, and Panama Basin regions for geolog­
ical and biological studies. Both vessels are to be con­
verted to a 20,000-ft depth capability within the next 5 
years, thus replacing the bathyscaph, Trieste, for deep­
ocean basin operations. The ONR plans to continue using 
the two modified submersibles for ONR-sponsored re­
search projects. 

The Nuclear Research Submarine NR-1 is operated by 
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the U.S. Navy out of New London, Connecticut. The 
NR-1 has been used extensively by ONR investigators for 
the study of sedimentation processes on the shelf and 
slope of the eastern seaboard of the United States and also 
in the Caribbean and the North Atlantic. Although its 
depth is limited, the NR-1 has considerable bottom­
endurance time, limited only by human considerations. 
Therefore, it is especially valuable in the long-term con­
tinuous observation of bottom shelf-processes. 

Shallow-water (less than 1000-ft-depth capabilities) 
submersibles are frequently leased by U.S. government 
agencies as well as by academic institutions for shelf 
studies. 

FIGURE 14.1 The RIV Alcoa Seaprobe. (Courtesy of Alcoa 
Marine Corporation-Ocean Search.) 

In a review of a hook (Geyer, 1977) on submersible~ 
and their uses in oceanography and ocean engineerin~. 
Ballard (1978) says: " ... The submersible is a pre<:ision 
tool, not an exploratory one. It is the tool of last resort, 
used only after the proper homework has been conducted 
by conventional surface-ship techniques." Ballard be­
lieves that part of Geyer's book "should have concen· 
trated on what is needed for submersible programs to 
carry out more effective work, such as improved support­
ship facilities, the development and use of advanced 
navigational and data-logging systems, and the develop­
ment of better scientific instrumentation within the sub­
mersible for use in situ." He also believes that Geyer's 
hook should have placed greater emphasis "on the other 
ingredients needed to conduct a successful submersible 
program, such as detailed predive bathymetric reconnah· 
sanc•e, followed by surface-ship programs using deep­
towed geophysical instrument systems and unmanned 
photographic studies." Ballard's observations and philos· 
ophy about uses and methods of using submersibles par· 
allel those of this Panel. 

(f) U.S. Geological Survey Fleet. The USGS currently 
operates one ship specifically configured for geologic-al 
studies of the U.S. continental margins, the RIV Lee, 208 ti 
in length, displacing 1297 tons. The Lee is equipped with 
a 24-channel multichannel seismic, air-gun sound-sourct· 
system. Onboard data processing with high-density tape 
allows real-time, high-data volume analysis. Coupled to 
the multichannel system is a shallow-penetration, hi~h­
resolution seismic system that t:onsists of a minisparker 
3.5-kHz echo sounder and a unihoom array. Gmvity and 
magnetic data are colle<:ted under way. Navigation is hy 
satellite and Loran. The 180-ft-long RJV Sea Sounder, a 
chartered ship, has a high-resolution seismic sy~tem. \'i­
hraeoring equipment, and T\' and sonar systems fi1r thl' 
study of sediment bottom-transport processes. The cost of 
operating the fleet is $2.2 million annually. 

(g) Industry. Worldwide, there are some 16 cable­
controlled, unmanned submersibles commercially avail· 
able. Of these, five have been built in the United States. 
These vehicles are used mainly for inspecting off.~hore 
structures. Because they cost less and are less hazardous, 
they have replaced manned submersibles for some lim· 
ited tasks . Chapman and Westwood (1977) have sum· 
marized the current capabilities. Little is known about 
the potential of these vehicles as research tools in shallow 
waters . 

(h) An unusual newc·omer on the scene is the dynami· 
cally positioned Alcoa Seaprobe (see Figure 14.1). This 
vessel combines the capacity to recover 200-ton payloads 
from 6000 ft below the surface of the water with the ahil· 
ity to seaK·h, core, drill, and sample deposits in water 
depths up to 18,000 ft. Instmments are at the end of drill 
pipe and include sensor systems (sonar, TV, still earner.!. 
and target illumination) and recovery devices such as 
grappling claws and coring tools. The potential of this 
vessel as a research tool merits an in-depth evaluation. 
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BUDGET SUMMARY FOR RESEARCH FLEET 
OPERATIONS 

Cost of ship operations exclusive of scientific c·osts: 

Number of Annual Cost 
Organization Ships ($ Millions) 

Academic research fleet 28 22 
Submersible Alvin/Lulu 1 1.5 
SOAA fleet 23 34 
U.S. ;\lavy research fleet 13 38 
U.S. Geological Survey 

research fleet 2 2.2 

TOTAL (U.S. Govern-
mentl Academe) 67 97.7 

As stated on page 187 of this repmt, this Panel believes 
that much could be achieved with the construction or 
purchase of two modem geophysical research vessels. 
The details of the recommendation are spelled out in our 
condusions on page 187. In addition, academi<: research 
and government survey vessels (i.e., NOAA or USGS) cur­
rently operating along U.S. continental margins should 
collect a full range of underway data such as those on 
gravity, magnetics, bathymetry. These data, if not pro­
cessed and used by the institution, should be made avail­
able to the community through NOAA's Environmental 
Data Service. This is particularly important, since, while 
the cost and accuracy of data gathering have decreased, 
ship-operating costs have risen astronomically. 
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15 General 
Conclusions 

CONCERNING THE ROLES OF ACADEME, 
INDUSTRY, AND GOVERNMENT 

In Appendix A, we review the relative roles played by 
industry, government, and academe in continental­
margin research. Conclusions based on that review can be 
only judgments. We were not prepared to conduct a study 
of statistics regarding financial support and manpower 
levels devoted to continental-margin research. Such 
statistics are not easy to obtain for several reasons. (1) 
What constitutes research is not quite clear. The dif­
ference between "surveying," "exploration," and "re­
search" is poorly defined and mostly a matter of opinion. 
(2) We are including in our purview of continental mar­
gins the landward continuation of subsea margins. Thus, 
we would have to isolate solid-earth continental-margin 
statistics from general oceanographic and earth-science 
budgets of various agencies. (3) We did not have the time 
or expertise to distinguish between, compare, and verify 
the multitudinous funding statistics submitted to us. 

Joining the lament of the academic oceanographic in­
stitutions over the leveling-out in funding would be easy. 
It also would be tempting to concur with Senator Hol­
lings, who, in a recent speech* pointed to the lack of 

'Remarks by the Honorable Ernest F. Hollings, U.S. Senator 
from South Carolina, on the occa.~ion of the First Annual Doherty 
Lecture sponsored by the Center for Oceans Law and Policy of 
the University of Virginia, held in Washington, D.C ., at the Na­
tional Academy of Sciences, May 11, 1977, Marine Techno{. Soc. 
).11 (No. 3), 30-33 (1977). 
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coordination suggested by the existence of 21 federal 
ocean activities scattered among six department and five 
agencies. He referred to the 1960's as a "decade of ocean 
rhetoric." 

As far as the earth sciences are concerned, the last 15 
years we re probably the most glorious and fruitful years 
of this century. Much of the work was done by U.S. 
oceanographic institutions, and that work was amply 
funded by the federal government. The excitement of 
plate tectonics has not yet dwindled, to wit, Project 
FAMOUS, or the reLent exploration of the Galapagos Ridge. 
Today, we see continental margins in a completely dif­
ferent light, and much of the content of this report was 
simply inconceivable in the early 1960's. 

All this was made possible by a funding structure that, 
in large part, still exists today (except for the relatively 
recent shift in funding emphasis from the Office of Naval 
Research to the National Science Foundation). Whether 
the success was despite the funding scene or because of it 
can be debated. We believe that the great diversity of 
funding goals was very helpful in balancing various 
views. That balance could have been upset had the fund­
ing structure for research been more centralized. 

We believe that the diffuse distribution of the federal 
oceanographic effort among many agencies has not in­
hibited good research. The spread of the effort and fund­
ing among se ve ral mission-oriented agencies has sup­
ported a greater variety of approaches, thus averting some 
of the blunders characteristic of ove rcentralization. 

Massive duplication in the earth sciences is largely 
avoided with the help of various advisory mechanisms, 

Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


180 C:O:\CI.l'S 10:\S .·\ :\ U REC0\1 \IF.:\ D:\ TIO:\S 

1wer review of proposals, overlappin~ membership on 
committees, and, in some cases, with the help of our pro­
fessional societies. 

Probably the single factor most responsible for the past 
success and t·ohesion of the earth-sciences effort was the 
personal relationship between geological and geophysi­
cal oceanographers. Most of these scientists began their 
careers in one of three major U.S. oceanographk insti­
tutes (Woods Hole Oceanographic Institution, Scripps In­
stitution of Oceanography, and Lamont-Doherty Geologi­
cal Observatory). An interdisciplinary mode of research 
advocated by great scientific leaders like Maurice Ewing 
created lasting personal bonds and a strong network of 
communications that extends well beyond academic 
oceanographic institutions. 

Coordination of infom1ation concerning plate tectonics 
has been an example of communications at its best. On a 
global scale, the model was based on magnetic-survey 
data collected by the Navy and academic oceanographic 
institutions and on magnetic field-reversal studies pro­
duced by the U.S. Geological Survey. The field-reversal 
studies were correlated with the marine data by two 
British geophysicists working at Princeton, an instih1tion 
not involved in the "big science" push for more data. 
Plate tectonics also has roots in seismological data from 
the World-Wide Standard Seismograph Network 
(WWSSN), fom1erly coordinated by the National Oceano­
graphic and Atmospheric Administration and now by the 
U.S. Geological Survey, with substantial funding support 
from the National Science Foundation and from tempo­
rary stations operated by academic institutions . Studies of 
the earth's interior and its properties by scientists in 
academe and govemment provided clues about the na­
ture of movements at depth. 

A great number of scientists from all sectors of the 
community made substantial contributions to the devel­
opment of plate-tectonics models of continental margins. 
Industry, with advanced seismic-reflection techniques, 
has provided greatly improved seismic cross sections of 
continental-margin structure. The same techniques led to 
detailed seismic stratigraphy and to models of worldwide 
sea-level change that are making it possible for scientists 
to establish relationships between continental and 
oceanographic tectonic events. Academe made major con­
tributions, among which are data indicating that the dif­
ferences between continents and oceans extend to great 
depths beneath the earth's surface. Government geo­
scientists provided both onshore and offshore data that 
clarified effects of plate-tedonics processes and related 
them to problems of resources and natural hazards. 

Each of these communities was (and is) motivated by 
different factors-economic, intellech1al, environmental, 
political, or other-but each contributed to the model's 
development. Eaeh group responds to short-term mis­
sions or objectives; each must have the physical and intel­
lectual resources required to cope with long-term needs. 
Bridling activities of any one of these groups in the inter-

est of economy retards the advance of both scientifit· and 
practical objectives. 

Are we losing momentum? For the solid-earth sciences, 
the answer is a qualified yes. Let us focus on the most 
sensitive areas. 

Federal money for oceanographic research has in· 
creased substantially in recent years, but most new fund~ 
have gone for research in mission-oriented government 
agencies. Funding for basie oceanographic research done 
by scientists in academic institutions has barely kept up 
with inflation. 

The consequences of level funding of academic institu· 
tions will, in our view, be felt later. Deterioration and lad 
of new development of equipment, fewer young re· 
searchers, and the inability to attack major problems will 
negatively affect the vitality of these instihltions-a vital­
ity critically important to the conceptual understanding of 
eontinental margins. 

It has been impossible for us to document that 
academic institutions were unable to obtain funds for 
work on continental margins because of increased indus· 
try and government research and exploration activities on 
margins . But it is fair to say that only a small fraction of 
total oceanographic funds available to academe in tile 
past years was spent on U.S. continental-margin researt'h. 
This is partly because academic institutions preferred to 
do research abroad and in deeper waters and partly he· 
cause there was an impression that academic scientists 
might duplicate industry and government efforts. 

Real environmental concerns have to be met to obtain 
approvals, particularly for U.S. margin research. Pene· 
tration of the seafloor by drilling, jetting, or even, in some 
cases, long piston coring requires permits from the l:.S. 
Geological Survey. Seismic work using explosive sound 
sources requires special penn its because of the danger of 
killing fish. Obstructions and sometimes excessive delays 
in securing these permits have discouraged some inves· 
tigators from attempting research projects that must use 
these methods on U.S. continental shelves. Scientists 
who want to do the work have to devote an inordinate 
amount of time making arrangements to obtain the per· 
mits before proceeding. 

It appears to be increasingly burdensome for academic 
scientists to obtain funds for work on continental margins. 
Ocean scientists must devote substantially more time to 
proposal writing and administration to get the same 
amount of dollars as in the past. Dollars that could mon.> 
productively be spent on research are thus being diverted 
into procedural channels. 

The Law of the Sea Conference has led to increased 
unilateral claims of exclusive economic zones, which ef· 
fet'tively cover all continental shelves and many conti· 
nental margins of the world (Figure 3). Sanctioning and 
continuing this trend may subject research on continental 
margins to lengthy intemational negotiations. Here again, 
funds will be sidetraded from research into administra· 
tion. 
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In a nutshell, nationalism is shifting the emphasis from 
l'On<·em with oc·eanography as a science searching for 
principles and understanding to oceanography as a tool 
with which to accomplish practical goals (e.g., resource 
evaluation, platform stability, energy sources). 

The roles and organization of government and industry 
for exploration on U.S. continental margins are subjects of 
a current political debate that is well outside the scope of 
our terms of reference and thus are discussed in only the 
most general terms in this report. We do make a case for 
strengthening the role of academic institutions in doing 
basic research on continental margins. 

We think it sufficient to give just two of the best reasons 
for leaving a significant part of basic research in the care 
of our academic institutions: (1) Academic institutions are 
our best assurance for a pluralistic approach to elucidat­
ing difficult scientific problems with which we are con­
cerned. (2) Government and industry rely on academic 
institutions to train modem scientists and researchers, 
and such training is best accomplished in a high-quality 
research environment. 

PURE, APPLIED, AND DUPLICATION OF 
RESEARCH 

Science planning is still plagued by the difficulty of 
separating "pure" science (or basic research) from 
"applied" science. Some take the view that "asking for 
the sake of asking questions" constitutes pure (or basic) 
scien<.-e. By contrast, applied science would be that activ­
ity that would lead to some practical benefit. Activities in 
the earth sciences on continental margins are demonstra­
bly both basic and applied in character. 

Solid-earth science involves a range of activities ex­
tending from conceptual models that help to unravel the 
dynamics of the earth to straightforward prospecting for 
resources. One person's research is another person's sur­
vey and somebody else's exploration. Consider a mul­
tichannel reconnaissance line on a continental margin. If 
an oil company or seismic contractor shoots that line, it is 
viewed as exploration (or applied research). If the same 
line is shot by a government agency, e .g., the U.S. 
Geological Survey, it is, quite properly, considered to be 
a mission-oriented survey (applied research). Now, if the 
same line is shot by an oceanographic institution, its work 
financed by, say, the National Science Foundation, this 
line becomes classified as research (pure, basic). An in­
formed (but skeptical) taxpayer, hearing that the same 
line in the same area was shot by all three groups, and not 
understanding the different uses of the information to be 
gained, no doubt would despair over duplication of effort 
and inefficiency and vigorously insist on greater coordi­
nation. 

In reality, however, the matter is not so simple a case as 
duplication or lack of coordinated efforts. (1) The parties 
concerned would shoot the same line differently, thus 
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collecting data differently, and each party would use dif­
ferent processing technologies. Chances are that different 
timing of the three projects would reflect differing vin­
tages of a quickly evolving technology. (2) The line prob­
ably would not be located in precisely the same place. (3) 
Most important, all parties are looking at entirely dif­
ferent aspects of the problem and are using different 
techniques tailored to their particular problem. 

Despite these differences, some overlap will usually 
occur. This is in keeping with the competitive spirit of 
research on continental margins. Such duplication can 
best be minimized by dialogue between the working 
groups concerned. Larger and more centralized organiza­
tions would provide watchdog mechanisms aimed at con­
trolling "unnecessary" duplication. But the costs of 
watchdogs and their administrative overhead would, in 
our view, vastly exceed the benefits derived from their 
activities. Furthermore, the demoralizing effect of large, 
mono! ithic institutions on research morale and quality is 
immeasurable. 

The original charter of the International Decade of 
Ocean Exploration (IOOE) emphasized resource manage­
ment as a major goal. Therefore,IOOE was often viewed as 
a program in applied research. This impression was rein­
forced by the fact that there was no significant activity on 
domestic continental margins in ID<>E's Seabed Assess­
ment Program, presumably because other government 
agencies were doing mission-oriented work on U.S. mar­
gins. Note also that, in regard to potential Law of the Sea 
definitions of and distinctions between pure and applied 
research, a precedent was set when a project as esoteric as 
Project FAMOUS was undertaken as part of a program di­
rected at better management of marine mineral resources. 
With respect to the Law of the Sea negotiations, all solid­
earth research can and-in the prevailing climate of 
distrust-probably will be construed as having some 
hearing on resources and their exploitation. 

Continental-margin work encompasses the full range 
from purely fundamental, process-oriented studies to the 
highly practical delineation of resources . It would be a 
serious mistake for any government agency, industry, or 
academic group to attempt to monopolize any segment of 
this range. Yet, the need for efficiency in the expenditure 
of manpower and financial resources requires that, in a 
continuously refined process, there he some determina­
tion as to who should do what. This requires a continuous 
dialogue, since the abilities, interests, and orientations of 
the participating entities perennially change. 

DOMESTIC VERSUS INTERNATIONAL PROGRAMS 

As a consequence of the acceleration of the unilateral 
claims to 200-mile territorial seas and the debates con­
cerning the Law of the Sea, it is probable that 
continental-margin research in the future will be subject 
to some form of consent or approval by the governments 
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of the adjacent coastal states (see pp. 218-221). 
Foreign coastal states can now contract commercially 

high-quality geophysical and geochemical surveys for 
their resource evaluation. Although some of these surveys 
are fairly expensive, most coastal states should be able to 
justify them as high-priority items. Also, many states 
probably will be able to get partial support for such work 
from the World Bank or other groups that assist develop­
ing nations. These developments may severely restrict 
academic oceanographic surveys on foreign continental 
margins, but there are ways to turn these difficulties into 
research opportunities. 

Because of the nature of the commercial data-gathering 
process, in which the contractors perfom1 the work, scien­
tists in foreign nations do not have much of an opportu­
nity to participate. Often, they resent this "black-box'" ap­
proach. They prefer to participate in projects in which 
they can be involved in the data gathering and process­
ing. This degree of involvement demands training and 
total participation of foreign scientists in those projects 
and, in some cases, even a transfer of hardware. Future 
U.S. research on foreign continental margins is likely to 
he more welcome if it is also associated with a transfer of 
technology and training of foreign nationals . The com­
mercial and political consequences of this mode of re­
search are hard to evaluate, but there can be little doubt 
that it will put the science on a much broader interna­
tional base. 

Oceanographic institutions from developed nations 
other than the United States will compete for the oppor­
tunity to do research on foreign continental margins. We 
nee d a convincing showcase. Therefore, it would be 
judicious to have a strong academic research program on 
our own domestic margins (l) to develop the most ad­
vanced research we can conceive and afford and (2) to 
give some credibility to the t•oncept that basic research is 
a pathfinder as well as a support for more applied a<."­
tivities. 

CONCERNING BIG SCIENCE 

Much earth-science research in recent years has been 
done through multidisciplinary, multi-institutional, and 
often costly ("big science") projects. The most spectacu­
lar suc<.·esses have come from the Deep Sea Drilling Proj­
ect. Other examples are Project FAMOUS, some of the 
imaginative projects undertake n under the auspices of 
IOOE (such as the Nazca Plate Project), and the CLIMAP 

Project. The Atlantic Shelf Project of the U.S. Geologkal 
Survey could be viewed as a big-science undertaking. 
Lately, on land, the Consortium for Continental Reflec­
tion Profiling (COCORP) project is developing into big sci­
ence. 

The advantages of the large-scale approach are e vident. 
It is unlike ly that the problems of contine ntal margins 
will be solved without such a large-scale approach. The 
stimulus these projects have given to many research ac­
tivities has been pervasive and, in the main, beneficial. 

There are, however, some drawbacks. An attempt should 
he made to optimize large-scale programs of the future. 

1. Proposal pro<.·edures tend to he elaborate and \ "t'T)' 

detailed in technical and practical matters, reflecting the 
desire of the funding agency and the sincere effort of the 
investigators to justify with some sense of responsihili~ 
the expenditure of large amounts of public money. Yet. 
with the pressures and logistics of designing lar~e pro­
grams, the scientific objedives and the relations betwt't'n 
the research program and the expenditures are often un­
clear. The tme nature of the scientific CJUestion is often 
lost in long, generic statements of past accomplishments. 
justifications for equipment purchases, and mt~<.·h \ 't'r­
biage add:-essing the relevance of the program rather than 
the problem-solving itself. As a result, the task of review­
ers has been difficult, and we feel that the usual pet'r­
review process has heen decreasingly effec.:tive in 
evaluating scientific merit and eliminating waste and in­
efficiency. A considerable number of the nation's he~t 
scientists are tied up in writing, selling, and reviewing 
proposals. Once a project is under way, the situation sel­
dom improves; the same talent is then wasted on complex 
bookkeeping, reporting, and accountability requirements. 
We fully accept the need for accountability, but we 
suggest that, in the decision-making process between big 
and small science, this inherent waste continuously be 
considered and that a real effort he made on the part of the 
funding agencies to simplify the proposal and reportin!Z 
procedures. 

2. Big science l "lln be noncreative; it often leads to 
massive, undigested data banks. There is a stmn~ ten­
dency, both among re searchers and especially in funding 
agencies, to emphasize the planning and data-gatherinl.! 
phases of big projects at the expense of the follow-up 
activities (interpretation, impact evaluation, follow-up 
experiments, technology transfer). This tendency, aptly 
labeled hy some Flucht nach Vorne (escape to the futun· l 
has prevented some major projects from reachin~ their 
full potential. 

3. There is also the possibility that large-scale science 
may drain funds and certainly drains personnel from 
smaller efforts . The smaller, individual programs art' 
often the ones that develop the true conceptual advam·es. 
The continuing health of U.S. scien<.·e depends on a<.·tin· 
and attractive small-science programs. 

The program suggested in this report is big scienct•. 
However, the total program should be an agglomemtion 
of both small-scale and large-scale efforts, which, to be 
most productive, must he coordinated. Too often in the 
past, artificial boundaries (e.g., political, disciplinar)·. 
area of investigation, funding) have been created that in­
hibit a total understanding of the system. While a major 
effort is required to solve a major problem such as the 
history and nature of continental margins, we should 
avoid training a generation of young scientists who st>t­
big, cooperative research programs as the only means to 
subsist, a generation of young sc ientists who are not pre­
pared to do the smaller-scale individual creative work. 
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}6 I Recommendations 

Parts I and II of our report contain many recom­
mendations printed in italics. These are made within the 
sl'ientific context and are given no priorities. In this chap­
ter, we establish priorities, using three different styles of 
presentation. 

1. High Priority: In this class, recommendations and 
conclusions are in boldface print. 

2. Second Priority: Recommendations that are either of 
secondary importance or subsets of the high-priority 
items are presented in italics. 

3. Lower Priority: High- and second-priority recom­
mendations are repeated in Parts I and II, where they are 
italicized. In addition to these, Parts I and II contain 
lower-priority items, also printed in italics. These are 
good but less urgent programs. 

Portions of the following recommendations are in­
cluded verbatim in the Introduction, Summary, and Prin­
cipal Recommendations at the beginning of this report. 
Here in Part III, we elaborate on the recommendations, 
adding some of the important component recom­
mendations and giving the reader significant details re­
lated to the recommendations. A program manager or re­
searcher who wants still more detail is referred to specific 
sections in the main body of the report (Parts I and II) that 
are relevant to individual recommendations. 
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HIGH-PRIORITY RESEARCH FOR THE 1980'S 

A SEDIMENT DYNAMICS PROGRAM-HIGH PRIORITY 

We recommend that a coordinated program be developed 
to study sediment dynamics on continental shelves, 
slopes, rises, and marginal basins. This program would 
study the entrainment, transport, and deposition of 
continental-margin sediments. 

This program relates to the increased use of large areas 
of the continental margins-particularly the shelves-for 
food resources, mineral resources, waste disposal, oil ex­
ploration and exploitation, and recreation. Current re­
search efforts need coordination. For example, a mul­
titude of federal projects are under way in the Mid­
Atlantic Bay (between Cape Cod and Cape Hatteras). 
With some exceptions, these programs appear to function 
independently of each other. Agencies that do in-house 
research and that contract out parts of their research are 
the Army Corps of Engineers, the Environmental Protec­
tion Agency, the National Oceanic and Atmospheric Ad­
ministrdtion (NOAA), and the U.S. Geological Survey 
(USGS). Research is also contracted by the Bureau of Land 
Management (BLM) and the Deparbnent of Energy. Basic 
research grants are awarded by the National Science 
Foundation (NSF) and the Office of Naval Research (ONR). 

The basic mechanisms of boundary flow (near the sea-
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floor), entrainment, and transport of sediments are under­
stood poorly or not at all. There are almost no observa­
tions of any kind upon which to base initial questions, and 
we lack propt•r instnunents partly because we do not 
know what measurements to make. Problems of boundary 
flow and sediment transport must be attacked with teams 
of physical oceanographers, marine geologists, and fluid 
dynamicists, with electroni<: engineers to design and 
build the equipment. 

One agency should coordinate the sediment dynamics 
program with other federal agencies. A basic research 
program should be funded hy the National Science 
Foundation, and an applied academic program could be 
funded by the Sea Grant Program of NOAA . As a by­
product of an IDOE-sponsored workshop,* an advisory 
<:ommittee on shelf-sediment dynamics has been formed 
to coordinate research in that special field . The larger 
problems of the margins should be examined by similar 
panels treating the special dynamics and conditions of 
slopes, marginal basins, and rises. These panels should 
be grouped in a national margin-sediment dynamics 
project on the order of the Geodynamics Project. 

Funding of sediment dynamics research should be in­
creased from its roughly estimated current level of $10 
million/yearf to about $18 million/year (in 1977 dollars) in 
the 1980's. The additional $8 million/year should include 
the following: 

• $5 million/year for sediment dynamics, which would 
provide a sophisticated equipment pool (e.g., solid-state 
current meters, shelf stations, wave followers) and would 
permit initiation of four or five major regional cooperative 
studies of differing margin types. 

• $1 million/year for benthic boundary layer studies 
other than those covered by sediment dynamics. 

• $2 million/year for studies of sedimentation and ero­
sion on continental slopes and rises. 

Primary Components of the Sediment Dynamics 
Program 

l. We recommend a research program to examine the 
dynamics of contemporary sediment transport from riv­
ers to the continental rise and to examine boundanJ-layer 
and water-column processes. 

We need to know the rates of these transport processes 
at various energy levels, particularly under storm condi­
tions. Mass balances must be defined for the major trans­
port systems, bedload, and suspended load. Mathematical 
models must be developed and field tested. 

Another poorly understood problem is how particles 

•D. S. Gorsline and D.} . P. Swift, eds. (1977). Shelf Sediment 
Dynamics: A National Overview. Report of a workshop held in 
Vail, Colorado, November 2-6, 1976. Available from the Na­
tional Scien<.·e Foundation. 
fCrudely estimated combined expenditures of :->sF, BL\1 , :-.:o.u, 
and USGS. 

fall through the water column and how they move on, in. 
and through the sediment column once they have settled 
from suspension. Sediment settling can best be studied 
through sediment-trap experiments. Several such exper­
iments that emphasize sediment settling are under way 
on marine continental margins with BLM and NSF support. 

2. As part of the International Decade of Ocean Explo­
ration Program 011 Shelf and Nearshore Dynamics of Sed­
iments (S:\NDS), we recommend a concentrated interdi.~­
ciplinary research effort on the benthic boundary layer. 

Study of the benthic boundary layer involves all the 
basic oceanographic disciplines (physical, biologi<:al. 
chemical, and geological) and will entail long-term. 
bottom-mounted stations to make and record SU<:h mea­
surements. Some of the instmments (e.g., nephelometers. 
current meters) are available; others (e .g., recording res­
pirometers, devices to measure sediment mixing and 
early diagenesis) should he developed. The magnitude of 
benthic boundary layer problems requires a large-scale 
involvement of many scientists and correspondingly high 
levels of financial support. 

High-resolution data are necessary to understand the 
following problems: 

• Water-sediment chemical intemction; 
• Metabolism at the sediment-water interface; 
• Organism-sediment relationships; 
• Variation in water turbulence and stability; 
• Velocity gradients, other physical and chemical 

parameters; 
• Deposition, <:onsolidation, and stability of the seabed 

(e.g., its susceptibility to mass movement, erosion, and 
scour). 

3. We recommend an intensive study of morphology 
and the deposition and erosion of surficial sediments on 
slopes and upper rises of both passive and acti~;e conti­
nental marlo!ins. 

We probably know less about this physiographic region 
than any other of the oceans. We would like to know 
whether sediments are currently accumulating on the 
slope and rise or if large portions are being eroded. While 
the USGS has undertaken such studies on the shelf, both 
the NSF and the ONR appear reluctant to sponsor such 
studies on the shelf or the slope. Documenting late 
Quaternary sequences and rates of accumulation will re­
quire coring the upper few-to-tens of meters of the sedi· 
ment column together with detailed topographic studie~. 
The mechanics of mass movement on slopes are of inter· 
est. Few in situ data are available to support theoretical 
models of these processes. 

Present conditions on the slope and rise may differ sub­
stantially from past conditions. It will, therefore, become 
important to compare and contrast the present slope and 
upper-rise regime with former, older slopes as exhibited 
on seismic lines. Eventually, these regimes also will need 
coring and detailed stratigraphic, paleontologic, and en­
gineering studies. 
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4. We recommend that the nonmilitary sector of the 
U.S. Goremment derelop a multibeam swath-mamJing 
capability, particularly for studies on the slope, the 
up11er rise, and some of the adjacent deep-ocean regions. 

To study sediment dynamics and submarine morphol­
ogy, we need extremely accurate bathymetric maps. 
These are best obtained by using the multibeam echo 
sounder that was developed at great expense by the Navy 
(the so-called "Harris Array"). 

Swath-mapping instrumentation requires a sizable ves­
sel, and since three of the NOAA ships-Researcher, Dis­
corerer, and Suroeyor-already have elements of the 
array mounted on their hulls, we recommend installation 
of deeJJ ocean swath-mapping capability on two of these 
sl1ips. The vessels should be made available for non­
governmental as well as governmental researchers work­
ing on domestic continental margins. One vessel should 
operate on the East Coast and in the Gulf of Mexico and 
the other on the West Coast. 

Installation costs are on the order of $500,000/vessel. 
Operating costs are on the order of $1,500,000/vessel/ 

year. 

Secondary Component of Sediment Dynamics Program 

5. Quaternary coastal studies. In addition to mission­
oriented studies of the coastal zone, we recommend more 
research on Quaternary sedimentation in differing coast­
al settings. 

To put coastal geology in a broader context, we need 
numerous local studies to understand the effects of 
Quaternary sea-level changes on coastal sedimentation 
and erosion. We recommend that coastal universities and 
state laboratories intensify their efforts in this field. We 
hope that studies of different situations will reveal gen­
eral principles helpful in formulating a strategy for the 
conservation of coastal habitats. The projects should be 
funded at $2 million/year. 

6. Sniffing techniques. We recommend that environ­
mental and sediment dynamics studies make full use of 
commercially available sniffing techniques. These tech­
niques should be further developed to trace and map the 
distribution of nonhydrocarbon chemical components in 
waters overlying the seafloor. 

7. We recommend increased research aimed at the 
eraluation of differences in sediment distribution and 
.Yedimentary processes on modern continental shelves as 
compared with pre-Quaternary shelves. Because this 
work is crucially dependent on drilling data, it will have 
to be coordinated with future drilling plans. 

A PROGRAM FOR GEOTRAVERSES ON DOMESTIC 
CONTINENTAL MARGINS-HIGH PRIORITY (See alsop. 189) 

We recommend recording long, multisensor (reflection, 
refraction, potential, and electrical) geophysical and 
geological traverses across land and marine segments of 
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U.S. continental margins. Traverses should extend across 
both active and passive margins into the continental inte­
riors. General problems that are involved include the 
kinematic, dynamic, and thennal evolution of active and 
passive margins. Geotraverses over land and water are 
recommended for the East Coast, Gulf Coast, and West 
Coast, with a large proportion of the whole geotraverse 
effort devoted to Alaskan continental margins. 

These geotraverses should be made across the strike 
and across existing boreholes in the most effective way. 
Special seismic three-dimensional shooting techniques 
may be required to achieve resolution beneath detach­
ment surfaces. This kind of work plus associated LANDSAT 
studies would form a bridge between land and marine 
geology. 

A geneml strategy for such traverses is as follows. 

(a) Compile previous work; continue reconnaissance on 
land and at sea, with emphasis on multichannel seismic 
data and long refraction lines. 

(h) Narrow down to regional studies on land and sea. 
(c) Concentrate on one or more transect bands (which 

typically may be some 100 miles wide and some 400-600 
miles long, half on land and half over water). Advantage 
should be taken of existing well control. 

(d) Emplace long-term monitoring devices on transects 
of seismically active margins. Temporal observation of 
seismic events, the stress-strain field, fluid distribution, 
and crustal displacements all will assist in developing 
models of continental margins. 

(e) If necessary, complete the study with deep-drilling 
programs on land and in water, using current drilling 
capabilities on shelves and, eventually, deep riser-drilling 
(e.g., Glomar Explorer) for slopes and rises. 

The costs of a transect will vary with accessibility, 
length, and complexity of the geological problems in­
volved. For one typical land-sea transect, we estimate 
the costs to he in the following approximate range: 

Geology and Geophysics 
Marine geophysics 
Land geophysics 
Marine geological and 

geochemical work 
Land geological and 

geochemical work 
(including helicopter 
support as needed) 

TOTAL cost for one net 
geotraverse (without drilling) 

Costs ($ Millions) 
3.0 to 5.0 
1.0 to 2.0 

1.0 

1.0 to 2.0 

6.0 to 9.0 

It is important that coastal academic institutions con­
cerned with onshore geology, oceanographic institutions, 
government agencies, and industry operate together in 
this program. The quality of a traverse program can be 
maintained only if the program reflects the interests and 
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background of people familiar with the local region. 
Therefore, the grass-roots aspects of the program are very 
important. The Panel believes thatthe U.S. Geodynamics 
Committee could provide the much-needed neutral 
ground for such an undertaking. However, its member­
ship would need to be expanded to include more stratig­
raphers and sedimentologists. 

Communication and Coordination 

We recommend that a committee be established to set up 
four regional working groups to draft the details and costs 
for geotraverses and related work in the East Coast, Gulf 
of Mexico, West Coast, and Alaska. Those who direct the 
project should enlist scientists from government, 
academe, and industry, selected for their competence in 
the field . The COCORP (Consortium for Continental Re­
flection Profiling) Program and the Deep Sea Drilling 
Project are excellent administrative models. 

We again emphasize that the geological-geophysical 
part of the program is an independent activity that can 
provide valuable scientific insights. Drilling may be 
needed in some cases to solve key problems, but, in our 
view, drilling without adequate geological and geophysi­
cal preparation is wasteful. 

We see the following as problems deserving a concen­
trated effort: 

• Rifting on passive margins; 
• Stratigraphy, diagenesis, rate of subsidence, 

paleooceanography during rifting of passive margins; 
• Evolution of continental fragments ; 
• Continent-ocean boundary on all margins (see de­

tailed recommendation below); 
• Thermal history of passive margins; 
• Formation of accretionary wedge and forearc basins on 

active margins; 
• Geochemical evolution of active margins (see detailed 

recommendation below); 
• Formation of marginal basins; 
• Effective monitoring of seismicity on all domestic mar­

gins. 

Atlantic Transects 

Over the next decade, some carefully designed transects 
should include the Florida- Blake Plateau, North 
Carolina to Cape Hatteras offshore, New Jersey and 
offshore, and New England and offshore. Information 
from these transects would be most useful for the study of 
mature passive margins. 

Gulf of Mexico Transects 

In the near future, numerous multichannel reconnais­
sance lines in the Gulf of Mexico will be completed. Fol­
lowing their publication and interpretation, a detailed 
plan can be worked out to integrate these lines with in-

formation from the landward side of the Gulf. Deep cru~t­
al refraction work is needed to complement the reflec· 
tion lines. 

West Coast Transects 

West Coast transects should be planned as a follow-up of 
the cross-section project of the Plate Boundaries Group of 
the U.S. Geodynamics Committee. Many of these sec· 
tions were based on surface geology. Now, multichannel 
seismic data and crustal and mantle refraction work are 
needed to complement the surface data. Traverses should 
contrast two important areas: (1) Southern California and 
the California Borderland-a classical transform-fault 
plate boundary; and (2) Oregon and Washington onshore 
and off..,hore-a typical subduction boundary. 

Alaska Transects 

An intensified earth-science research effort onshore and 
offshore Alaska is needed. More than 50 pen:ent of the 
marine continental margins of the United States are off 
the shores of Alaska. Alaska should be an integral and 
important part of any national progmm. An Alaskan mul· 
tisensor transect should extend all the way from the Aleu­
tian Trench across the mountains to the Beaufort Sea. On 
land, a tmnsect should include detailed geologit·al and 
geochemical studies, multichannel reflection surveys to 
map from the surface to the upper mantle, refraction sur· 
veys, and so on. An all-water transect across the Berin~t 
Sea is also needed. The Alaskan transects may be viewed 
as part of a joint Arctic Ocean program with Canada, or 
part of the U.S.- U.S.S.R. project for plate-dynamics 
traverses. 

Primary Components of the Transect Program: 
Continent-Ocean Boundary Surveys 

We recommend that systematic geological and geophysi· 
cal studies be made to study the transition betu;een 
oceans and continents on passive margins. Such studies 
would search for adequate descriptions of the boundar) 
zone, based on multichannel seismic-reflection and -re· 
fraction data. Bedrock mapping, using submersibles, 
would help to calibmte some of the seismic data. Surveys 
of simple young margins, young margins drowned with 
sediments, old starved margins, and related microconti· 
nents and old mature margins need to be made. 

Costs for a typical survey of the continent-ocean 
boundary are on the order of the following: 

2000 miles for multichannel 
reflection lines @ $500/mile 

1000 miles refraction (20 profiles) 
Submersible operations 

TOTAL 

$1.0 million 
$0.8 million 
$0.5 million 

$2.3 million 
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Primary Components of the Transect Program: Seismic 
Stratigraphy 

We recommend that great care be taken to provide suffi­
cient coverage to map transgressive and regressive cycles 
in detail. We recommend that future deep-sea drilling on 
continental margins be aimed at coring and testing 
rcell-described seismic-stratigraphic sequences. In our 
judgment, this will provide valuable and reliable control 
for paleooceanographic studies. 

Secondary Components of the Transect Program: 
Drilling 

Drilling should be considered only after comparing and 
contrasting the results of different transects. The work on 
any given transect may well conclude with no drilling 
proposal. On the other hand, should drilling be justified 
for better understanding of the geology, then estimated 
costs would be in the following ranges: 

Drilling 3-4 deep holes 
on land and on the 
continental shelf 

Drilling 2-3 holes in 
deeper water 

TOTAL 

$45 million to $60 million 

$60 million to $90 million 

$105 million to $150 million 

OUTFITTING MODERN GEOPHYSICAL RESEARCH 
VESSELS-HIGH PRIORITY 

Many vessels in the U.S. oceanographic fleet are in­
adequately instrumented for the resolution and deep 
penetration needed to solve significant geological prob­
lems on continental margins. Cost studies for marine sur­
veys show that the major expenditures are for the vessel, 
precise navigation, and scientific and technical person­
nel. Once committed to these expenditures, the incre­
mental cost for the best geophysical and geochemical 
equipment is comparatively small and is desirable for 
cost-effective acquisition of geological-geophysical in­
formation. To work with obsolete equipment is a waste of 
money, scientific talent, and time. The significant geolog­
ical and geophysical research on the continental margins 
requires the best multisensor state-of-the-art geophysical 
and geochemical instrumentation, including multichan­
nel seismic reflection and refraction, and onboard data 
processing. (See also p. 11.) 

Therefore, we recommend that funds be made avail­
able to outfit two such vessels to operate principally (1) on 
the East Coast and Gulf of Mexico margins and (2) on the 
West Coast and Alaska margins. The two ships should 
have reinforced hulls to pennit summer work in Arctic 
waters. The Hollis Hedberg (described in Appendix C) is 
an example of such a vessel. 
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The vessels should be equipped with onboard digital 
processing capable of real-time monitoring of all sensors, 
including seismic deconvolution and stacking of suffi­
cient channels (at least half of those recorded) to ascertain 
that the data recorded are qualitatively and quantitatively 
adequate to solve the objectives of any mission. To con­
template outfitting vessels now with less than 48 to 96 
seismic-reflection channels would fail to take advantage 
of available technology. 

While a substantial amount of processing would take 
place onboard, it would be necessary to plan facilities 
and/or contracts for postcruise playback processing to 
support detailed interpretations. 

From industry experience, it is estimated that to build 
(or purchase) and equip vessels as described above would 
cost $12 million to $14 million each (in 1977 dollars). 
Total annual costs, including shipboard operations, data 
acquisition, onboard and postcruise processing, and in­
terpretation are estimated at $9 million to $11 million for 
each vessel. The availability of two modern geophysical 
vessels would substantially reduce the demand on ships 
currently used for geophysical research and permit them 
to be used more heavily in other fields of oceanographic 
research or permit a reduction in the size of the existing 
fleet. 

The geophysical vessels should be'highly available to 
and shared by qualified scientists, primarily members of 
the academic community. Industry and government sci­
entists have access to their own modem geophysical ves­
sels. The ships should be national facilities based at two 
selected oceanographic institutions. Disposition of the 
vessels and their long-term programming would be a 
major responsibility that should respond to national sci­
entific goals, while component projects should be 
selected on the merit of the science proposed. Planning 
and advice could be structured in analogy to other "big­
science" efforts, such as IPOD-DSDP, IDOE, or COCORP. 

SECOND-PRIORITY RESEARCH FOR THE 1980'S 

GEOTRAVERSES AND OCEAN-CONTINENT BOUNDARY 
STUDIES ON FOREIGN CONTINENTAL MARGINS-SECOND 
PRIORITY 

We recommend that foreign geological and geophysical 
traverses be carried out if the specific problem cannot be 
studied on U.S. margins or if the problem is complemen­
tary to the domestic tcork. If the same class of problems 
can be studied on domestic margins, they should he 
studied there. In general, most problems outlined for the 
domestic geotraverse program can also be studied on 
other continental margins. The sequence of activities and 
the research methods would be similar, and the relevance 
is consonant. In order of priority, the following areas are 
of particular importance. 
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Arctic Ocean Margins 

We recommend that an international effort be under­
taken to better understand the continental margins of the 
Arctic Ocean. 

• \Ve recommend that aeromagnetic surveys of the 
type currently being pursued by Canadian and American 
sdentists be extended to cover the entire Amerasian 
Basin and surrounding continental margins. \Vhen the 
technology f(Jr airborne gravity surveys is realized, we 
reL·ommend that these measurements be included in the 
surveys. 

• We re<:ommend crustal seismic-refraction experi­
ments with multichannel reflection lines and gravity 
measurements to determine the nature of the crust in Arc­
tic basins (particularly the Amerasian Basin). 

• We recommend that borehole information from Arc­
tic \veils be related to stratigraphy as it is shown on seis­
mic-reflection lines. 

• We recommend that efforts he made to develop in­
struments that will make geophysical measurements both 
under the ice with tethered or remote vehicles and 
through the ice. 

• We recommend more paleomagnetic studies from 
any portion of the Amerasian Basin, the surrounding 
landmasses, margins, and continental fragments. 

• We strongly recommend that the effort in the Arctic 
he a joint project between Canadian and American scien­
tists. Furthem10re, Russian and Scandinavian participation 
is highly desirable and should be al'tively sought. 

• Part of this program may overlap with the traverse 
program in Alaska. The eost for a typieal Aretie Ocean 
transeet is about $5 million. To make some five transects 
would require about five years and a total cost of about 
$25 million. (See Chapter 7 for further diseussion.) 

Caribbean Margins 

We recommend that the Caribbean, u;here the structural 
and stratigraphic evolution is not understood and is the 
subject of intensive scient({ic speculation, be studied in 
many transects. 

Conjugate Passive Margins 

We support studies of conjugate passive margins. To 
compare and contrast passit:e margins that are more or 
less symmetrical about miclocean ridges can be most use­
ful. Insights gained on one margin may he applied to its 
symmetrical counterpart. On the other hand, serious 
mismatches between conjugate passive margins could 
lead to substantial revisions or modifications of currently 
popular plate-tectonics concepts. 

The most obvious candidates for such studies are the 
Northwest African Atlantic margins, which could be com­
pared with North America margins. Couples of other pas­
sive margins could be studied on the margins of the South 

Atlantic and the Indian Ocean. Such studies would ht> 
fruitful if the adjacent coastal nations would be willin~ to 
share in the project and make existing subsurfaee infor· 
mation available. 

West Pacific Margins and Their Marginal Seas 

This type of margin is not well represented in the United 
States. Study should be continued because the fonnation 
of marginal seas is a principal, still unsolved plate· 
tectonics puzzle. 

We encourage continuation of the work on the East and 
Southeast Asia transects (SEA TAR, or Studies in East Asia 
Tectonics and Resources) that are now carried out under 
joint CCOP (Committee for Coordination ofJoint Prospect· 
ing for Mineral Resources)-IDOE auspices. In the same 
vein, we encourage the plans for joint U.S.- V .S.S.R. 
transects in the North and Northeast Pacific. 

DRILLING ON CONTINENTAL MARGINS-SECOND PRIORITY 

The following summary of where we stand today is based 
on a memo to the National Science Board written in 
spring 1977.* 

IPOD is the international phase of the Deep Sea Drilling 
Project (DSDP). There are five contributing foreign coun­
tries (the Soviet Union, Gennany, the United Kingdom, 
France, and Japan). IPOD drilling with the Glomar Clwl­
lenger is scheduled to end in 1979. This will he followed 
hy a phasing out of DSDP in 1980. By that time, DSDP costs 
will have totaled $137 million, including Sl9 million in 
foreign contributions. 

It has been determined that Glomar Clwlleuger 
capabilities are not sufficient to achieve the desired sci­
entific targets on continental margins and oceans in 
southern latitudes. To reach many (although not all) of 
these targets, a dynamically positioned drill ship is 
needed that can deploy a 12,000-ti: riser and a well-control 
system for safe drilling on continental margins. Commer· 
cial drilling ships are not expected to have riser 
capabilities much in exeess of 6000 fi by the mid-1980's 
(see Figure 13.3). Ships such as the Discot:erer Sen·n 
Seas could drill in water depths up to about 6000 ft. Such 
ships are contracted for years ahead. However, if they arc 
available, they could help substantially to solve some 
continental-margin problems (i.e., the calibration of seis· 
mostratigmphic sequences on continental shelves, drill­
ing into the top of the marginal highs of passive margins, 
and drilling deep into subduction complexes and into the 
ridges in front of forearc basins). The ships' operating 
costs are on the order of $80,000 to $100,000 per day. 

*Memorandum to Members of the National Science Board (Ap­
ril 1977). Subject: "The Future Drilling in the Deep Ocean for 
Scientific Purposes in the 1980's." NSB-77-169, signed by R. C. 
Atkinson, Acting Director, National Science Foundation. 
Washington, D .C. 
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An international planning conference held in spring 
1977 at Woods Hole, Massachusetts, weighed many alter­
natives, including drilling by commercial ships. That 
group developed a preferred program. It calls for con­
tinued use of the Glomar Challenger for seven years and 
Glomar Explorer (equipped with riser and well-control 
system) for six years. A three-year overlap in the operation 
of the two ships is anticipated. The overall program is 
estimated to cost $400 million, excluding the $50 million 
ne<.-essary to convert the Glomar Explorer for riser drill­
ing. It should be kept in mind that the proposed program 
also foresees drilling in the abyssal portions of the oceans 
and in high southern latitudes. Therefore, the merits of 
the program should not be judged only in terms of what it 
can do for continental margins. 

The budget of the proposed preferred plan breaks 
down into $113 million for seven years of Glomar Chal­
lenger operations; $162 million for six years of Explorer 
drilling; $83 million for geophysical work; $38 million for 
analysis, interpretation, and synthesis; and the already 
mentioned $50 million to convert the Glomar Explorer. 

The members of our Panel were particularly gratified to 
see the emphasis on geophysical work pre<.-eding the drill­
ing project and the stipulation that logging should be 
carried out on all drill holes. Substantial portions of the 
plan proposed by our Panel are aimed at providing the 
background that would enable scientists to choose the 
best drill sites for solving key problems. In particular, the 
recommendations for domestic transects will help future 
t·ontinental-margin drilling focus on targets that are on 
our own nation's continental margins . A number of prob­
lems will remain that are best solved on continental mar­
gins outside North America. 

We would like to stress once more that the proposed 
geological and geophysical programs stand as important 
resean:h items independent of the drilling. Drilling, of 
tourse, would immensely enhance the geological and 
geophysical programs by providing the much-needed 
ground tmth, but drilling cannot stand alone. 

Therefore, we fully and emphatically concur with the 
recommendation of the JOIDES Subcommittee on the 
Future of Scientific Ocean Drilling (FUSOD) that such 
an ambitious drilling program be undertaken, but only if 
adequate funding is assured for scientific studies that in­
clude ( 1) broad-scale problem definition, (2) small-scale 
site examination and preparation, (3) sample analysis 
and well logging, and (4) interpretation and synthesis. 

This Panel also agrees with FUSOD that the high total 
cost of the proposed plan for continued Glomar Explorer 
drilling (about $450 million) dictates that the best possi­
ble geological and geophysical reconnaissance be under­
taken to provide a selection from which to choose the best 
drilling sites. 

Because continental margins extend onto land, 
geophysics and land drilling should be part of the same 
program. Costs for that part of the program can be esti­
mated only after the committees concerned with land as­
pects of continental-margin drilling have been consti-
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tuted and have reviewed the widely scattered geological 
and geophysical information. 

By doing both the science and the drilling on the 
marine and landward portion of U.S. continental margins, 
the United States could, for the first time, have a com­
prehensive approach to solid-earth research on domestic 
continental margins. 

The recommendations of the Panel on Continental 
Drilling of the FCCSET Committee on Solid Earth Sci­
ences do not address the problem of continental-margin 
drilling on land. Such drilling could be complementary 
to and provide continuity with the program envisaged in 
the JOIDESIFUSOD proposal. We recommend that a com­
mittee be appointed and funded to work within the 
framework of the U.S. Geodynamics Committee and to 
develop specific plans for geological and geophysical 
traverses on the landwa.rd extensions of continental mar­
gins (see JJp. 185-186) with a view toward continental­
margin drilling on land. The approximate costs for such a 
program need to be established. 

In principle, this Panel agrees with the FUSOD recom­
mendations . However, we believe that our recom­
mendations concerning sediment dynamics, domestic 
traverses, and outfitting modem geophysical vessels have 
a higher priority and are more important for the healthy 
growth of our continental-margin research efforts than 
drilling plans, which we rank as only second priority. 

It is difficult to assess the importance of drilling for 
scientific purposes. There is no doubt in our minds that 
drilling key research wells on continental margins will be 
the fitting ultimate test of some of our ideas. The prospect 
of having the necessary tools available in time to test new 
concepts is exciting. We also recognize the important role 
of such a drilling project for international scientific coop­
eration. Nevertheless, the Panel gave the following rea­
sons for giving a second priority to the drilling program: 

1. The fact that we are so insistent on adequate and 
intensive preparatory geological and geophysical work 
preceding any drilling suggests that, at this time, the 
ideas for a drilling program are not very specific. 

2. In our judgment, the high-priority efforts that we 
have recommended stand as valuable research targets 
quite independent from any drilling plans. Some of us are 
particularly concerned that a traverse program as well as 
other oceanographic research projects might be re­
fashioned into a simple surveying process focused mainly 
on finding a sufficient'number of drill sites in time, while 
other scientific objectives are downgraded. 

3. We believe that, while some drilling targets could 
be reached only by the proposed 12,000-ft riser technol­
ogy, many objectives could probably be reached with the 
current commercial drilling technology. We judge that, 
with proper planning, technology could be made avail­
able for scientific drilling in the 1980's. Note also that the 
FUSOD report (The Future of Scientific Ocean Drilling, a 
report by an ad hoc subcommittee of the JOIDES Execu­
tive Committee, 1977) identifies some sites with 13 km of 
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sediment over basement and deep crustal holes in 18,000 
ft of water with 9000 ft of penetration. The proposed 
12,000-ft riser technology will not he able to reach these 
deep targets. 

4. The overall logic inherent in a research program 
leading from a geological-geophysical reconnaissance to 
detailed survt'ys and then drilling suggests that drilling 
should have a second priority. In other words, first the 
high-quality geophysical research, then the drilling. 

To sum up, u.:e helie~:e that it is far preferable that the 
basic science he healthy and adequately funded before 
more exper1si~:e drilling is planned. 

ENDORSEMENT OF RECOMMENDATIONS OF 
THE PANEL ON SEISMOGRAPH NETWORKS 

Effective monitoring of continental-margin seismicity, 
studie s of earthquake dynamics, and investigations of the 
deep structure of continental margins depend critically 
on the collection of high-quality, broadband seismic data 
from both global and local networks of instruments. We 
strongly support the recomme11dations contained in the 
recent Natimwl Research Council report by the Panel on 
Seismographic Networks of the Committee on 
Seismology-specifically their recommendations regard­
ing the global networks: 

Recommendation 1. Stable funding .. . should be estab­
lished to assure . .. continuing operation of the wwss:-.~ as 
a basic research facility for U.S. investigators. 
Recommendation 2. Stable funding should be estab­
lished . . . to continue operation, maintenance, and im­
provement of the [digitally recording] HGLP; SRO; ASRO; 

and IDA seismograph stations. Further, [a number of] 
wwssr.; stations should be upgraded to include digital re­
cording capability . . . . Facilities fi>r the organization, stor­
age , retrieval, and distribution of digital data from the 
above ohservatorit•s [should he provided]. 

The study of the stmcture and seismicity of the conti­
nental margins on both local and regional scales requires 
the use of ocean-bottom seismometers. Therefore, we 
recommend that a strong national program in ocean­
bottom seismology be established and maintained. Ele­
ments of this program should include sufficient funds for 
instmment cleoelopment. 

CONCERNING PROPOSAL WRITING AND THE 
DISTRIBUTION OF GRANTS 

\Vriting proposals for research, attending commiltt-e 
meetings. and particularly tht• ever-increasing budgt-t 
monitoring and administrative \VOrk required to verify the 
time (in minutes!) spent on each project are fast heeoming 
dominant and time-consuming activities for many of tlw 
nation's best researchers. The time many scientists spend 
on various planning committees with overlapping scopt·~ 
is time they cannot devote to their research. 

We recommend that the National Science Foundatio11 
(NSF) take the lead to ret:iew and streamline current re­
search funding procedures with a r.:-ietc to 

(a) Designing a more standardized format for research 
funding procedures that l':SF and most other federal agen­
cies could use ; 

(h) Minimizing the length of research proposals; 
(c) Limiting the required length of vital statistics and 

scientific pedigree of the rec1uesting rt•searcher(s) to ont' 
page (and for the bibliography, only six key references of 
the researcher's own choice); 

(d) Standardizing budget fonns; redu<'ing budget dt-· 
tails to the minimum acceptable to federal auditors; and 

(e) Streamlining committees and their procedures to 
avoid duplications and to limit the scope and size of such 
advisory groups. 

We further recommend that NSF study the feasibility of 
"progre ssive grant status" for institutions engaged in 
well-circumscribed basic research fields , e .g., conti­
nental-margin research, as follows: 

l. Project support-for individual projects; 
2. Coherent-for groups of projects at an individual 

institution; and 
3. Institutional-for large programs at institutions thilt 

are generally acknowledged as having a broad base of 
competent activity in a given field . 

A move in this direction could help to streamline pro­
cedures and, at the same time, provide more meaningful 
relations between grantor and grantees. 

Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


APPENDIXES 

Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


APPENDIX 

A 
Organization and 
Funding of Marine 
Continental-Margin Research 

THE ROLES OF THE PLAYERS 

We sketch what we perceive to be changes in the roles 
played by the three main constituencies involved in con­
tinental-margin research: industry, academe, and gov­
ernment. 

INDUSTRY 

"Industry," for all practical purposes and as used in this 
report, stands for the petroleum industry. Other extractive 
industries do havt> some interest in continental margins, 
but the petroleum industry is predominant on the 
continental-margin scene. The chapters (11, 13, and 14) 
on drilling and geophysics indicate that, today, the petro­
leum industry has by liu the most advanced technology 
relevant to continental-margin exploration and research. 

Industry-if allowed to explore competitively­
gradually will develop the technology to move into in­
creasingly deeper waters . However, the exploration pace 
today is not dictated by technical limitations. Instead, 
political and economic realities hold the key to progress. 
To illustrate: Industry dearly will not move into deep­
water continental-margin exploration offshore of the 
United States until shallower portions of the U.S. <:onti­
nental margins have been explored adequately. The re­
sults of shallow-water exploration will influem:e the ad-

193 

vance into deeper water because, as described earlier, 
these areas are geological extensions of continental 
shelves. 

The explomtion p;u:e is almost entirely in the hands of 
the government, and present practice in the United States 
suggests a slow exploration tempo on tht> shallow l'Onti­
nental margins , with deepwater areas to become pros­
pects for explomtion sometime in the mid- or late-1980's. 
Thus, although drilling and geophyskal technology is 
ready and available to do much of tlw work needed to 
understand non-Arctic continental margins of the United 
States, exploration proceeds at a slow pace. 

The technological prowess of today' s industry is not 
due to research concentrated in a few laboratories run by 
the major petroleum companies. It was developed in a 
competitive mode by the industry as a whole, with l'On­
tral'tors doing much of the technological development. 
Much of the technology is available to anybody willing to 
pay the price. Over the years, research in industrial 
laboratories moved away from a more hroadly hased hasi<: 
approach to dearly applied research. This coin<:ided with 
the increased government support of research at federal 
mission-oriented agencies and at al·ademic institutions. 

Industry supports some al·ademil' oceanographic re­
search through assol'iate contrihutions to most major 
oc·eanographic institutions . These range-depending on 
the size and scope of the institution-from $5000 to 
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$.50,000 annually per institution. In !i1<.:t, it appears that 
today these are often the only discretionary funds avail­
able to the directors of these institutions. 

In addition to this, some companies selectively support 
specific projects of special interest to them . These vary 
ctuite widely, from building ne\V instruments to collecting 
regional background information. A tine example of an 
industry-supported academic project is the Gulf of 
Mexico program of the University of Texas Marine Sci­
ence Institute (UT/!\ISI) at Galveston . UT/!\tSI's research 
vessel (the R/V Ida Green) was obtained and equipped 
with industry support. Most of the regional reconnais­
sance of the Gulf of Mexico program was shot with sup­
port from industry. 

There are some who would like to sec industry increase 
its tlnancial supp01t of academic research on continental 
margins. Industry is a<:tively pursuing its own research 
and has developed techniques that are available to the 
community. \Vhile the academic world invented plate 
tectonics, industry developed multichannel seismic­
ret1ection technology, and the products of these activities 
are mutually beneficial. 

Industry is not likely to provide long-tenn tlnandal 
commitments for academic continental-margin research; 
it has to maintain flexibility in the disposition of its re­
sean:h dollars. 

We would like to St'e industry-government rdations 
changt> consonant with the following quote from the Strat­
ton report*: 

Because the commereial exploitation of the sea's resources is the 
task of profit-oriented industry, the national plan should create a 
climate in which industry can operate effectively with assistance 
from the Federal Government in those areas of scientific re­
search and technological development where private investment 
cannot be expected to assume the full burden. 

To sum up, industry would like federal research effotts 
to shift to areas that are complementary to its own ac­
tivities. Industry does support some academic efforts on 
continental margins and is likely to continue this support, 
but increased and more long-range support is not likely to 
be forthcoming from industry. 

ACADEME 

Geological and geophysical research in the marine por­
tions of continental margins was very limited prior to 
World War II. The need for information during the war 
and the techniques developed in response to this need 
led to a greatly increased effort in the postwar years . This 
effort was expended in the United States primarily by the 
academic institutions because the U.S. Geological Survey 
(USGS) and the Bureau of Land Managt>ment (BLM) did 

•our Nation and the Sea: A Plan for National Action (1969). A 
report of the Commission on Marine Science, Engineering and 
Resourt·es (J. A. Stratton, Chairman), U.S. Government Printing 
Office, Washington, D.C. (p. 10). 

not yt't havt> mandates offshore; the Coast and Geodetic 
Survt>y, now incorporated in the National Oceanic and 
Atmospheric Administration (NOAA), was concerned prin­
cipally with mapping and charting the topography of the 
shelf; and the 1\:avy obtaint>d some of its data through 
grants and contracts with the academic institutions. The 
depth of water in which oil wells could be completed Wil\ 

quite limitt>d, so industry concentrated on the nearshort> 
rt>gions. The academic institutions thus had the dual role 
of bt>ing effe<:tively the main source of geological and 
gt>ophysical data from the offshore parts of continental 
margins as well as the source of trained investigators to 
rt:>spond to future needs. 

In subsequent years, government agenc·ies develop{'(} 
new missions in the ofEhore United States. The interest 
of the Navy in supporting external oceanographic re­
st>arch waned as a result of the Mansfield amendment* 
and was never adequately replaced by support from the 
i\ational Science Foundation (NSF). The capacity of in­
dustry to operate in greater water depths increased, and 
tlw interest of tlw oct>anographic institutions was dra\\ll 
to the deep ocean by the exciting opportunities offered by 
the nt>wly developed plate-tt>ctonics model. 

When new techniques and intellectual challenges drew 
oct'<U1 scientists in academe back to the continental mar· 
gins, they found industry and govemment agencies thert> 
in force, and, in the U.S. margins, many administrati\e 
and regulatory inhibitions had been developed that had 
not previously existed. Furthennore, changes in the eco­
nomic structure and in federal hiring practices enacted by 
the Congress altered the inten:hange of professional per­
sonnd between the academic institutions and gon:•m­
ment agencies to a dominant flow from academe to gov­
ernment. 

Most academic oceanographic institutions have derived 
most of their support from govemment grants and con­
tracts (see Figures A. I, A.2, and A.3). Of late, some signif­
icant shifts in the pattern of funding have occurred. In the 
past, oceanographic institutions obtained only a small 
number of large contracts; today, this number has in­
creased dmmatically, but the grants are smaller and 
short-lived. 

Oceanographic research cannot be separated from 
teaching and training. Funding agencies that claim that 
their responsibility is limited to research support fail to 
understand the vital role of teaching and training in the 
successful accomplishment of rt>search. (1) Universities 
do not have the money to support young researchers. (21 
Continuing research is not possible without a steady sup­
ply of young and imaginative researchers. In our modem 
world, the best of these researchers need at least a 
minimum of job stability, or they will move to industry or 
govemment. 

*Public Law 91-121, Section 203 (Military Authorization Act for 
1970), and Public Law 91-441, Section 204 (Military Authoriza· 
tion Act for 1971). 
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1971 

In the recent past, total funding of academi<: institutions 
has leveled out and is now barely keeping up with infla­
tion. As one <:onsequence, equipment maintenance is the 
first to suffer. Furthermore, it can be fairly anticipated 
that if the trend continues and funds are reduced, fewer 
scientists will enter the field, and many of these scientists 
will stay for shorter periods, only to move to government 
or industry. This will happen precisely at the time when 
talents in the academic institutions are needed the most 
to solve problems related to environment and resources. 

Let us ask whether academic research is really neces­
sary. After all, industry has been acting independently for 
years and has developed a technology vastly exceeding 
expectations. Major petroleum companies recruit people 
from academic institutions only to put them into their 
own schools, to train them for their own needs. Eventu­
ally, many leave to work for other <:ompanies and contrac­
tors or for the government. Government institutions con­
cerned with continental margins are also doing much re­
search, and they have effectively increased their staff by 
sm:cessfully hiring from industry and academe. So one 
could easily conclude that academe has been overtaken 
by its own success. True, they did lead the way, hut big­
ger and better efforts are now undertaken elsewhere, and 
continental margins are well taken care of. 

We disagree with such as assessment, spedfically be­
<:ause in continental-margin research, academic institu­
tions have amply demonstrated the pioneering quality of 
their work. They were the first to use refraction tech­
niques to demonstrate the existence of large sedimentary 
basins on the ocean. They led in the early development of 
nonexplosive sources for reflection seismi<: surveys. Mul­
tichannel processing techniques developed by industry 
are solidly based on computer research in academe. 
Academic oceanographers and seismologists led the way 
to plate tectonics. The Deep Sea Drilling Project (DSDP) is 
a spectacular success. While we have already mentioned 
some of the exciting scientific results, a negative conclu­
sion of great importance is often overlooked: DSDP has 
shown that vast areas of the deep oceans cannot be rea­
sonably viewed as potential hydrocarbon provinces. 

1975 
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FIGURE A.l Percental(e of support i(Jr 
()(:eanographic institutions hy source of 
support. (Courtesy of the Ocean Sciences 
Division, National Science Foundation.) 

Industry and government institutions have also con­
tributed, but the plurality of approaches that academic 
institutions offer is responsible f(Jr the variety and quality 
of the earth sdences today. In many cases, work done as 
"basic" research has led to unexpected practical conclu­
sions. In fact, the unexpected benefits are leading to the 
difficulty that we have in separating basic from goal­
directed research. 

We realize that academi<: continental-margin research 
is but a minor concern in the face of a variety of much 
larger problems that academic institutions face today.* In 
our view, however, academic research related to <:onti­
nental margins has demonstrated its <:reativity and has 
delivered one of the finest scientific produ<:ts of the re­
cent past. To stunt its growth by reducing financial sup­
port and fragmenting that support into smaller and 
smaller grants would indeed he a tragedy. 

In our judgment, multi-institutional and multidiscipli­
nary projects on continental margins are here to stay. On 
March 29, 1976, the following educational institutions in­
corporated in the State of New York to promote, encour­
age, develop, and support efforts to advance knowledge 
and learning in the science of oceanography: 

University of California 
Columbia University 
University of Hawaii 
University of Miami 
Oregon State University 
University of Rhode Island 
Texas A & M University 
University of Washington 
Woods Hole Oceanographic Institution 

The nonprofit corporation is known as Joint Oceano­
graphic Institutions, Ill<:orpomted (jOI, Inc.), and the di-

*For a detailed study see B. L. R. Smith and J. }. Karlesky, 1977. 
The State of Academic Science: The Universities in the Nation's 
Research Efforts, Change Magazine Press, New Rochelle, N.Y., 
2 vols. 
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FIGURE A.2 Top 20 NSF-funded 
oceanolo(raphic institutions, fiscal year 
1975. (Courtesy of the Ocean Sciences 
Division, National Science Foundation.) 

OREGON STATt 
6.3M 

MILLIONS OF 
DOLLARS 

IZ r----------------------------------------------, 12 
11 II 

10 ~ $17. 5 M 10 
~ SOURCES OF Fl~DS 

9 ~ m~~ , 
8 1~: • OPP 

6 

5 

• OS 

0 IDOE 

• OFS 

6 

I 

~~~~~~~~~~~~77~~~0 

WOODS HOLE OWN. 
11.9M 

UNIY . SOUTHERN CALIF . 
l .6M 

UNIY. HAWAII 

s 
6 ss ~
6.0M"ll 

.Q ·~~D 

FIGURE A.3 Sources of funding for major private/academk oceanographic institutions, fiscal year 1975. (Courtesy of the 0Ct>an 
Sciences Division, National Science Foundation.) 

_..J Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


re<.·tors, deans, or department heads of the affiliated 
oceanographic organizations constitute the Board of Gov­
ernors of JOI. The Board has had considerable experience 
in planning and coordinating multi-institutional experi­
ments through Joint Oceanographic Institutions for Deep 
Earth Sampling (JOIDES). JOIDES is now an executive 
committee of JOI, Inc., and continues to provide basic sci­
entific guidance to the DSDP. JOI, Inc., also provides a 
mechanism whereby other cooperative studies of the 
ocean can be undertaken, using the corporation as a vehi­
cle through which funding is sought and management 
provided, while actual programs are carried out by scien­
tists at affiliated and other institutions. 

GOVERNMENT 

~fuch of the remainder of this Appendix is devoted to a 
discussion and review of the federal oceanographic pro­
gram. We will limit ourselves to relations between gov! 
emment and academe and between government and in­
dustry as they affect continental-margin research. To list 
government simply as part of the cast is not quite correct. 
In fact, the government is the producer and director of the 
whole show, the taxpayers being the backers who support 
the production. 
~ore and more people are concerned with the future of 

our energy and mineral and water resources, and they 
worry about the environment. As scientists, we share 
these concerns. To take care of anticipated problems, new 
laws and institutions are designed. Some of these designs 
are good, others are flawed, but they have the common 
quality that they invariably signal a significant govern­
ment involvement in the activities concerned. Research 
and exploration on continental margins was done by 
academicians and industry. Now, the government has, in 
part, taken over many of these activities. 

A first problem relates to government organization. In 
1975, a report of the Comptroller General of the United 
States to the Congress noted that some 11 departments 
and agencies are involved in one form or another of 
oceanographic work. In regard to the study of the geologi­
cal structure and composition of the ocean floor, the same 
report states that some 15 programs are administrated by 7 
agencies and noted: "In requesting the agencies to com­
ment on this situation, GAO suggested that their many 
areas of common interest must, axiomatically, lead to inef­
fectiveness and inefficiencies. A number of agencies ar­
gued persuasively that this did not necessarily follow." 
The report eventually joins in the popular call for a com­
prehensive national ocean program, pointing out that 
such a need was recognized by Congress in 1966 and 
bewailing that little progress had been made since. The 
spectacular successes of the earth sciences and particu­
larly of oceanography in the past two decades provide 
convincing proof that governme nt organization did not 
prevent scientists from doing good science. 

Many government agencies interested in continental­
margin work have active cooperative programs with 
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academe. Examples are the cooperative geophysical ef­
fort between the USGS and the University of Delaware on 
the Atlantic margin and the survey of the Blake Plateau 
done jointly by the USGS and the University of Texas at 
Galveston. A substantial increase in joint programs be­
tween government and academe would be most helpful, 
particularly if such programs are on the "pure" side of the 
mission-oriented activity. Long-term arrangements could 
help to provide stability for oceanographic institutions. 
The appeal of these arrangements is (1) that it gives 
smaller institutions a chance to participate in research, 
which otherwise is dominated by a small number of large 
academic oceanogmphic institutions, and (2) that it gives 
the agency the flexibility to select the best researcher to 
work on a given project. 

A third point has to be made before we describe some 
of the details of the federal involvement in oceanography. 
Some of us view the increased involvement of govern­
ment in continental-margin research with some ap­
prehension. However, in the case of the USGS we can only 
pmise the quality of their product. Members of the USGS 

have obtained and interpreted much information in a 
short time. The teams of the USGS have much cohesion, 
and they have made some very substantial contributions 
to our understanding of continental margins. So here, as 
with academe and industry, we can clearly recognize that 
past performance and the product amply justify the con­
tinuation of the effort. 

HISTORY OF FEDERAL OCEANOGRAPHIC 
PROGRAMS 

TilE BEGINNINGS 

The increasing interest in the continental margins stems 
partly from their potential as a source for certain raw ma­
terials, but also they are important in evaluating, refining, 
and extending the plate-tectonics model. Plate tectonics 
has provided geologists, for the first time, with a credible 
working model for the earth as a whole. Such diverse 
specialties as seismology, paleontology, rock magnetism, 
stratigraphy, gravity, and igneous petrology have been 
brought together into a single focus, thanks to this con­
cept. The plate-tectonics revolution exploded almost 
without warning; yet, in retrospect, its roots can be traced 
hack several decades. 

Prior to the nineteenth century, science was concerned 
largely with the present. It was not until geologists began 
to consider the earth in light of its history that it became 
possible to develop a systemized knowledge of the more 
remote past. With these new perspectives open to them, 
geologists spent the next three quarters of a century 
studying the continents. Geological pioneers compiled a 
tremendous amount of descriptive information about the 
earth, its history, the evolution of life, and the composi­
tion and structure of the rocks that appear on the earth's 
surface. 
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Then, starting in the 1930's with the high-pressure ap­
paratus of Perry Bridgeman at Harvard, physicists and 
chemists developed new instruments that were destined 
to drastically alter the course of geological research. The 
timing was fortunate . Geologists had gathered enough 
field data to ask the critical questions. Some of the new 
instruments enabled them to reproduce earth processes 
in the laboratory . Other tools made it possible for 
geologists to measure earth properties in the field with 
meaningful and increasing precision. The traditional 
tools of the geologist-hammer, Brunton compass, and 
hand lens-were gradually supplemented with increas­
ingly sophisticated instruments-x-rays, mass spec­
trometers, infrared spectrometers, spinner magnetome­
ters, electron probes-just about any type of gear that you 
would see in a physics or chemistry laboratory, plus sen­
sitive field gear such as seismometers and gravimeters. 

Gradually, geochemical experiments bet·ame progres­
sively more earth-oriented. From them, geologists began 
to gain insight as to how rocks crystallized from molten 
magma. Armed with better instruments, geologists began 
a fresh study of modem processes in order to better inter­
pret ancient rocks. 

Finally, geologists went to sea to explore the 72 percent 
of the earth's crust that is covered with water. Earlier, 
they had been baffled by the logistics of exploring or 
mapping beneath all that water. It was more profitable to 
stick to the exposed continents. (Besides, were not most 
of the ocean floors just vast, flat, featureless plains?) 

Virtually all of our knowledge of the seafloor and 
oceanic crust postdates World War II. It was not, for 
example, until the International Geophysical Year (IGY) 
in 1957-1958 that we learned that the Mid-Atlantic Ridge 
was a continuous physiographic feature,let alone a part of 
a worldwide rift zone. Scripps Institution of Oceanog­
raphy had been established in 1912, but it was a small 
laboratory attached to the University of California that 
dealt mostly with marine biology and physical oceanog­
raphy (which was also in its infancy). Woods Hole 
Oceanographic Institution was not even chartered until 
1930. Within the government, the U.S. Geological Survey 
(established in 1879) was limited by its Organic Act to1he 
shoreline, and the Coast and Geodetic Survey was con­
cerned largely with bathymetric charts and precise 
geodetic controls. 

The first real ventures into the submarine realm came 
in the 1930's. Although singling out any one or two 
pioneers is always risky, it is probably no exaggeration to 
say that modem marine geology in the United States 
began in 1935 with the grant from the Geological Society 
of America to Maurice Ewing to do seismic profiling on 
the continental shelf. This was followed by Harry Hess' 
work with Vening Meinesz on submarine gravity mea­
surements. At about the same time, Francis Shepard 
started his long career studying marine sediments and 
submarine canyons. 

Yet, in spite of these auspicious beginnings, there was 
no concerted effort-and certainly no mad rush-to the 
new frontier. 

TilE POS1WAR BOOM 

World War II brought about, among other things, both an 
awareness of the oceans and an increased ability to study 
them logistically. Activities at Scripps and Woods Hole 
were expanded, and new laboratories were established. 

For nearly a decade, the major support for the expan­
sion came from the U.S. Navy in general and the Office of 
Naval Research (ONR) in particular. The National Science 
Foundation was chartered in 1950 but did not have the 
resources to play a significant role until it became the 
funding agent for IGY in 1957. The Atomic Energy Com­
mission (AEC) had definite but restricted interest. Oceank 
research actually lagged after its postwar spurt until the 
IGY opened the door to study oceans on a worldwide 
basis. 

The first emphasis in the expanded postwar effort was 
on physical oceanography. But people like Ewing, Re­
velle, Hess, and Von Arx were also involved and would 
have their say, so an effort in submarine geology and 
geophysics gradually evolved. The work was paid for by 
the federal government and carried out by scientists at the 
major oceanographic institutions. 

Within the government, several separate events of the 
1950's were to have long-range significance. First, in 
1953, the Geological Survey's purview was extended to 
include the continental shelf. This allowed the Survey to 
move "offshore" and eventually led to its present pro­
gram of marine geology. 

Second, G. F. Jordan, of the Coast and Geodetic Sur­
vey, demonstrated the potential use of bathymetric charts 
for geologic interpretations and thereby stimulated a new 
program in that agency. 

Third, in March of 1957, the Advisory Panel for Earth 
Sciences of the NSF-especially Walter Munk and Harry 
Hess-hatched the idea that became Project Mohole. It is 
interesting to note that when Mohole was first suggested, 
no one, including Hess, foresaw the coming geological 
revolution of plate tectonics . Indeed, Mohole was con­
ceived partly out of frustration . Many hoped that Project 
Mohole would lead geology out of the doldrums and into 
new thinking. Only half a decade later, Hess• and another 
scientist, Robert Dietz, t published the seafloor-spreading 
papers that touched off the explosion. 

Mohole itself never came to fruition, but much of its 
pioneer thinking carried over into other geological and 
geophysical projects, especially the spectacularly suc­
cessful DSDP. DSDP's list of accomplishments and dis· 
coveries is long and needs no repetition here. Suffice to 
say that we believe that no other single geological project 
has ever contributed so much new and exciting informa· 
tion . It came at a time when the whole picture of conti· 
nents and ocean basins was being repainted. It is interest-

*H . H. Hess, 1962. History of the ocean basins, in Petrologic 
Studies: A Volume to Honor A . F. Buddington, A. E. J. Engel, 
ed., Geol. Soc. Am., New York. 
t R. S. Dietz, 1961. Continent and ocean basin evolution by 
spreading of the sea floor, Nature 190:854-857. 
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ing to note that when Mohole was planned, and DSDP was 
first proposed as a companion project (1961), one of the 
main objectives of the drilling was to "sample a continu­
ous sedimentary record back through geologic time, into 
the early pre-Cambrian and perhaps even to the time of 
the origin of life itself." 

Finally, an unpretentious event that attracted little at­
tention (then or since) greatly affected the marine pro­
gram. In 1957, Gordon Lill (then with ONR) stimulated the 
formation of the Coordinating Committee on Oceanog­
raphy (ceo). This was an informal interagency group 
composed of people with operational responsibilities 
who met once a month to exchange information. ceo re­
ported to no one, had no status, no charter. But it was 
effective. It provided the vehicle for getting interagency 
hacking of the proposed National Geographic Data Cen­
ter. Working quietly behind the scenes, ceo helped NSF 
to get approval to build the research vessel Atlantis II for 
Woods Hole Oceanographic Institution. Most impor­
tantly, ceo fostered the formation of and furnished sup­
port for the National Academy of Sciences-National Re­
search Council's Committee on Oceanography (NASCO). 

Few reports of advisory committees have had the im­
pact of ~Asco' s Oceanography 1960 to 1970 (published in 
1959). For NASCO, the time was ripe and the audience 
ready. Realizing this, the committee took ~reat care that 
the report could be understood by nonoceanographers. 
Also, !':ASCO made specific re<:ommendations in this re­
port, outlining a ten-year plan for increasing the U.S. fleet 
of oceanographic ships, stipulating what kind of educa­
tion for new scientists was needed and how much that 
would cost, and drawin~ up a year-by-year bud~et for the 
proposed new oceanographic activities. Committee re­
ports are seldom hallmarks of progress for a science, but 
Oceanography 1960 to 1970 may be the exception. Some 
mem hers of Congress- in those days, people from 
Capitol Hill were invited to attend NASCO meetings­
took a keen interest in this report. It was certainly more 
than a jest when NASCO Chairman, Harrison Brown, re­
ceived the American Miscellaneous Society's humorous 
and prestigious Albatross Award for "Outstanding Ac­
complishments in Political Oceano~raphy." 

THE TRANSmONAL 1960'S 

By the mid-1960's, today's pattern of marine programs 
had pretty well emerged. The popular and political sup­
port for oceanography made it possible for both ~SF and 
O!IIR to expand and then to consolidate the expanded posi­
tion of academic and nonprofit laboratories. 

The International Indian Ocean Expedition provided 
some additional monies. Later, the International Decade 
of Ocean Exploration (IDOE) helped to solidify this level 
of support at a time when science budgets, in ~eneral, 
were in trouble. Finally, Sea Grant, started in ~SF and 
later moved to the Department of Commerce, added 
another dimension by supporting applied research and 
training. 
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The troubled Mohole Project was cancelled in 1967, 
but its companion, ~sF's Ocean Sediment Coring Pro­
gram, flourished after a slow start. Its first project was a 
small coring effi>rt in 1963 off Jamaica by the University of 
~tiami. Then, in 1965, JOIDES was formed and unde1took 
the Blake Plateau Project. Finally, in 1967, the larger and 
continuing DSDP was launched. 

Other than ~SF and O!IIR, significant federal support for 
the academic laboratories <:ame from th<· waste-disposal 
programs of the AEC and the Geological Survey's Atlantic 
Shelf program cooperative with Woods Hole. 

In-house activities had also increased. In the 1\avy, the 
Hydrographic Office became the Naval Oceanographil· 
Office and started an expanded program of seabed survey­
ing. In Commen:e, the Coast and Geodetic Survey and 
the Weather Bureau were melded into the Environmental 
Sciences Services Administration (ESSA). Marine geology 
was expanded under ESSA's Institute for Oceanography 
(later to become :'IIOAA's Atlantic and Pacific 
Laboratories). 

In the Department of the Interior, the Geological Sur­
vey-'s authority was extended to cover the continental 
shelves. The Survey started, in 1962, a study of the topog­
raphy and surface sediments of the Atlantic Shelf in coop­
eration with Woods Hole. Since then, the Sun·ey's ac­
tivities, under its Office of Marine Geology, have ex­
panded to cover work ofl' the Atlantic and Pacific coasts, 
the Gulf of Mexico, and the Arctic Sea. 

Also within Interior, the Bureau of Land Management 
was given responsibilities for evaluating ofl'shore lease 
areas, and the Ocean .Mining Administration was formed 
to help foster exploitation of submarine minerals (to date, 
mostly manganese nodules). 
Alon~ with all these activities, oceanography began to 

have money probl<·ms. By the late 1960's, the post-World 
\Var II enthusiasm for science had waned. The nation had 
other pressing problems. Funds for new projects were 
increasingly hard to come by, so the federal <l<:ean pro­
gram barely kept up with inflation, and there is some 
evidence that the fraction of the federal program devott•d 
to research has been decreasing. This problem has con­
tributed to a reluctance to initiate new research on the 
continental margins and may continue to do so in the 
future . 

THE SCENE TODAY 

Our knowledge of <·ontinental margins lags behind our 
understanding of both the deep-ocean floors and the con­
tinents. Some reasons lor this lag are obvious from the 
history of the science just presented. To summarize: 

1. Geologists did their early work on the exposed ro<:ks 
of the continents. 

2. When oceanography (including marine geology) ex­
panded, the work was concentrated in oceanographic in­
stitutions the chief interests of which were the deep 
oceans. Since the nature of oceanic sediments and crust 
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was virhmlly unknown, finding out about it absorbed 
most of the early marine efforts. 

3. Although the oceanic crust is much more complex 
than onl·e was postulated, it still may he far simpler than 
continental crust and simpler still than the transitional 
zones of the continental margins (where even the l\loho 
commonly disappears). Moreover, many of the available 
instruments are not so eflective for work on margins as fi>r 
work in the deeper oceans . Therefore, it has been "con­
venient" to defer work on the margins until their impor­
tance can no longer be ignored. 

A summary of the current activities of federal agencies 
having significant programs in marine geology fi>llows . 
Most of the basic research is still deep-sea oriented-and 
most of the work on the continental shelf and slope in­
volves only the upper parts of the sedimentary column. 

CURRENT FEDERAL PROGRAMS 

INTRODUCTION 

It would he useful to have some statistics that illustrate 
the support of research done on continental margins. 
However, such figures are hard to come by because (1) it 
is not <Illite dear what, in people's minds, constitutes re­
search, and (2) we are induding in our purview the land­
ward continuation of the subsea margins. But even if we 
looked only at submarine margins, it would be well-nigh 

impossible to separate marine continental-margin ex­
penditures from overall oceanographic expendihtres. 

To get at least some perspective, we have leaned on 
some internal NSF reports, a study made by the O<·ean 
Sciences Board (OSB), and annual reports of the President 
to the Congress on the nation's efforts to comprehend, 
conserve, and use the sea-The Federal Ocea11 Program. 
issued annually by the U.S. Government Printing Office. 
Tables A.1 and A.2 show 

1. A very substantial increase in the category of the 
nonliving resomce s, reflecting Interior's $90 million in­
l"rease from 1974 to 1976 directed toward appraisal for 
leasing and environmental studies on the OCS; 

2. Another increase of $54 million, in the Department 
of Commerce, going to Outer Continental Shelf baseline 
studies, the Coastal Zone Management Program, fish and 
marine mammal assessment and protection, and evalua­
tion of satellite data; 

3. An increase in the NASA program caused hy the SEA· 

SAT Program; 
4. Overall research dollars in oceanography just barely 

stay ahead of inflation, although there has been a shift of 
research money to ERDA (which has recently become the 
Department of Energy). 

The general impression is that, since 1974, there ha~ 
been a substantial increase in federal Ol"ean program 
budgets (say, a 43 percent increase from 1974 to 1976l. 
There has been a shift of money to mission-oriented ef-

TABLE A.1 Federal Ocean Program-Budget by Department and 
Independent Agency 

Estimated by Fiscal Year 

Department or Agency 1975 1976 TQ 1977 1978 

1. Department of Defense-
Military 212.4 195.5 52.3 242.6 243.7 

2. Department of Defense-
Civil Works 31.9 29.2 7.1 32.1 63.8 

3. Department of Commerce 213.2 235.2 66.5 274.2 315.9 
4. National Science Foundation 69.2 68.8 15.8 74.8 79.9 
5. Department of Transportation 75.6 36.4 9.3 46.6 49.1 
6. Department of the Interior 106.8 142.0 37.5 153.8 161.7 
7. Environmental Protection Agency 22.4 24.3 6.1 25.1 22.7 
8. Department of State 11.6 12.7 5.9 14.9 18.2 
9. Department of Health, Education 

and Welfare 11.2 16.4 2.8 17.3 18.0 
10. Department of Energy" 12.8 18.9 6.2 28.9 40.6 
11. National Aeronautics and Space 

Administration 12.5 20.9 8.0 30.2 18.5 
12. Smithsonian Institution 2.9 2.6 0.7 2.8 2.9 

TOTAL 782.5 802.9 218.2 943.3 1035.0 

•Fonner)): th~ EnerJ{)' Research and Development Administration. 
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forts. while money allocated to oceanographic: basic re­
search barely keeps abreast of inflation. An informal OSB 

study looked at federal oceanographic research over a 
longer time-span, and, in tenns of constant 1967 dollars, 
noted the following: 

Total Research Funds 
Academic Funding 

1966 
$118,000 
$ 43,000 

1971 
$137,000 
$ 53,000 

1976 
$136,000 
$ 52,000 

The same OSB study also suggests that the proportion of 
funds directed to basic ocean research within the total 
federal program is shrinking. To compensate for this, 
there appears to be an inereasing role played by state and 
industry funds. In 1975, some 15 percent of the support of 
six major academic oceanographic centers in the United 
States t·ame from states and private sources. These same 
institutions increased their own budgets from a total of 
S31.5 million in 1965 to $59.8 million in 1971 ahd $79.3 
million in 1975. 

The total picture of distribution of funds to oceano­
graphic institutions is shown on Figures A.1, A.2, and A.3. 
Figure A.l shows the shift from Navy funding to !'liSF 

funding. The actual distribution of the funds is illustrated 
in Figures A.2 and A.3 and reveals the dominant position 
of some of the large institutions. The picture on Figure 
A.2 is a little distorted, because it involves sediment­
coring program money allocated to Scripps; and the Uni­
n~rsity of Rhode Island got $4 million in fiscal year 1975 
from "Facilities" to construct a research ship-thus, the 
expendihtre does not reflect the size of the activity at that 
university. 

Simple <:onclusions based on the statistics are: 
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1. We cannot really get meaningful figures filr work 
done on continental margins. It is, however, quite obvi­
ous that mission-oriented eflorts on continental margins 
have dramatically increased in response to resource and 
environmental needs. These mission-oriented eftiJrts are 
carried out mostly by federal agencies. 

2. Research, as a part of the total program, has been 
decreasing. Activities that, in the past, \\'ould have heen 
considered to be research, today are no longer dassifled 
as research, because they limn part of a mission-oriented 
effort. In other words. the category, "oceanographic re­
search," lacks a convincing definition. 

3. Funding of academic ot·eanographic institutions is 
barely staying ahead of inflation. 

In short, it does not look as if there is a lack of funds fclr 
work on continental margins; but there is a problem with 
the funding of academic ot·eanographil' research. 

The following pages discuss some of the marine 
geologk·al-geophysieal activities that the federal gov­
ernment supports. 

DEPARTMENT OF 1HE INTERIOR 

U.S. Geological Survey (uses) 

The authority of the USGS to work in the marine environ­
ment derives from the Survey's Organic Act (1897), the 
Outer Continental Shelf (OCS) Lands Act (1953), the Na­
tional Environmental Protection Act (1969), the Mining 
Policy Act (1970), and the Secretarial Initiatives on ocs 
lease sales. Both the Geologic and Conservation Divi­
sions are involved in marine work. 

TABLE A.2 Federal Ocean Program-Budget. by Major Purpose Category 

Estimated hy Fiscal Year 

~fajor Purpose 1975 1976 TQ 1977 1978 

1. I ntemational cooperation 
and collaboration 11.7 12.7 5.9 14.9 18.2 

2. National security 93.0 81.8 21.6 99.6 94.4 
3. Living resources 113.7 87.6 20.4 106.4 114.4 
4. Transportation 37.9 31.9 6.2 38.1 47.0 
5. Development and conser· 

vation of the coastal zone 116.5 124.8 31.1 133.4 188.3 
6. Nonliving resources 82.9 121.2 31.9 131.4 140.5 
7. Oceanographic research 124.1 129.3 37.7 146.4 158.4 
8. Education 11.3 10.5 4.7 12.6 14.2 
9. Environmental observation 

and prediction 35.2 40.0 11.4 47.8 46.6 
10. Ocean exploration, mapping, 

charting, and geodesy 99.4 87.7 22.4 111.4 111.9 
11. General-purpose ocean 

engineering 40.9 62.6 20.0 86.5 87.1 
12. National centers and facilities 15.9 12.8 4.9 14.8 14.0 

TOTAL 782.5 802.9 218.2 943.3 1035.0 

Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


202 APPENDIX A 

The Geologic Division provides geological, geochemi­
cal, and geophysical information for other government 
agencies and the general pub lie on land resources, energy 
and mineral resources, and geological hazards within the 
nation and its territories. 

The Office of Marine Geology (OMG), which is in the 
Geologic Division, has the prime responsibility for 
offshore programs . Its activities are coordinated with 
other Survey offices and branches. The t\vo branches of 
the OMG are the Atlantic and Gulf of Mexico Branch 
(Atlantic/Gulf), located at Woods Hole, Massachusetts; 
and the Pacific and Arctic Branch (Pacifi<:/Arctic), located 
at Menlo Park, California. 

What grew to he OMG started in 1962 as a survey of the 
upper sediments of the Atlantic shelf in cooperation with 
Woods Hole Ol·eanographic Institution. In 1969, similar 
work began in the Gulf of Mexico. This early work pro­
duced more than 200 papers on the sediments, structures, 
biology, and bathymetry of the Atlantic and Gulf margins. 
The Pacific/Arctic Branch was organized in 1971, for­
malizing work that began in the 1960's. Starting with a 
budget of less than $0.5 million, this branch grew rapidly 
after the 1974 decision to lease ocs lands for petroleum 
exploration. 

The current program of OMG includes three major ac­
tivities: 

FY77 $ 

(1) Offshore oil and gas 

Permanent 
Employees 

resource assessment $9,155,000 98 
(2) Offshore, energy-related, 

environmental investi-
gations $4,040,000 34 

(3) Marine geological 
investigations $1,206,000 25 

(1) The offshore oil and gas resource assessment pro­
gram gathers data to identify and study the geology of 
potential ocs lease sale areas in support of the Depart­
ment of the Interior's ocs oil and gas leasing program. 
The geophysical techniques used include multichannel 
seismic reflection, seismic refraction, and magnetic (air 
and sea) and gravity data-collecting tools. 

The Atlantic/Gulf Branch buys most of its seismic data 
from commercial geophysical companies. It maintains a 
six-channel reflection system on a long-term chartered 
ship. Data processing is done on contract or by the Sur­
vey's Oil and Gas Branch on its Phoenix System in Den­
ver. 

The Pacific/Arctic Branch operates a 24-channel reflec­
tion system on the RIV Lee, a Naval AGOR on long-term 
loan to the Survey. Data are processed, again, either by 
commercial contract or in Denver, but on-board process­
ing is planned for the future. 

The information collected by OMG' s t\vo branches is 
prepared and submitted to various agencies as precall for 

nomination reports, as open-file geological or technical 
reports, as research reports, and as maps and circulars for 
tmct selection prior to a lease sale. 

(2) The offshore, energy-related, environmental inves­
tigations are designed to maximize the safety of exploring 
and developing oil and gas resources on the ocs. These 
investigations seek to identify features that may pose such 
hazards as faults, slumps, and sand waves. This and other 
information on sediment dynamics are used by the 
Bureau of Land Management (BLM) to prepare environ­
mental impact statements prior to lease sales, for lease­
tract decisions, and as baseline data to assess and monitor 
the effects of offshore development. 

The Atlantic/Gulf Branch charters a variety of vessels 
on a short-term basis and one large vessel on a long-tenn 
basis to make the ofEhore investigations. Work continues 
in the Georges Bank area, the Baltimore Canyon Trough, 
the Southeast Georgia Embayment, and in the Gulf of 
Mexico off Texas and Louisiana. Funding is partly from 
BLM. 

The Pacific/Arctic Branch charters the Sea Sounder to 
gather environmental data. This ship is equipped with 
high-resolution geophysical equipment. However, Sea 
Sounder is used primarily for sampling (piston-core, grab, 
and box samples). The Alaskan program is funded largely 
by NOAA, which acts as a manager for BU.t. The West 
Coast program is partly funded by BLM. 

(3) Programs funded under "Marine Geology Investiga­
tions" support the other two programs. The mission here 
is to develop better techniques with which to collect, 
analyze, and interpret data. Studies of engineering prop­
erties in the Gulf of Mexico are funded under Marine 
Geology. Coastal processes along the Texas shoreline and 
interdisciplinary geological/hydrologic studies in San 
Francisco and Monterey bays in California and Willapa 
Bay in Oregon are also supported by OMG. 

The Office of Earthquake Studies is primarily con­
cerned with onshore earthquake hazards, as these affect 
populated areas. Recently, however, the Office has begun 
to analyze ocs earthquake risks. This Office is funded by 
the Survey and by BLM to prepare seismic-risk maps for 
the ocs. Earthquake data are essential in order to deter­
mine design criteria for drilling platforms and pipelines 
in areas susceptible to earthquake activity. The Office of 
Earthquake Sh1dies program in southern California is 
monitoring earthquake activity around active drillin!( 
platforms. This study is using a net of ocean-bottom seis· 
mometers. 

The Conservation Division (CD) of the Survey is re· 
sponsible for classifying and evaluating ocs resources; for 
supervising and regulating operations associated with ex· 
ploration, development, and production of ocs lands 
under lease; and for licensing and projection permits. The 
CD concentrates on identifying areas for future lease sales. 
advising the BLM on selecting tracts for sale and on es· 
timating the value of oil and gas on each tract offered. 

In carrying out its responsibilities, the CD gets its data 
from (primarily) industry and from the OMG. ocs regula· 
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tions stipulate that all industrial geophysical and geologi­
cal data gathered on the shelf are subject to acquisition by 
the Survey on a proprietary basis. Publically available 
regional resource and environmental data gathered by 
O~IG are used to identify future lease-sale areas and to 
pinpoint regions where there may be geological hazards. 
If the data are not good enough for final tract selection, CD 
may contract directly with industry to get more informa­
tion. 

Under the supervisory and regulatory responsibilities, 
CD reviews and approves operational plans, such as drill­
ing new wells or abandoning sites. CD also inspects opem­
tions and computes rents and royalties. 

The total budget and personnel for co's activities for 
fiscal year 1977 were $37,400,000 and 930 permanent 
employees. 

The Future 

Present resource assessment efforts on the continental 
shelf should continue at about the present level for at 
least the next three to five years. Program emphasis will 
gmdually shift to the continental slope and rise and to the 
small ocean basins adjacent to U.S. territory. Environ­
mental studies will probably extend into the devel­
opmental phase of the ocs and eventually follow or paral­
lel resource investigations in deepwater parts of the mar­
gin. 

(1) Ocean-Bottom Stability. Unstable ocean-floor con­
ditions exist in many ocs areas already leased or being 
considered for leasing in the near future. Consequently, 
the Survey plans a major effort to gather and interpret data 
that hear on engineering-design criteria in all the pro­
posed ocs lease areas. These include engineering prop­
erties of sediments, cyclic accelerations from storm 
waves, wind and wave stress, and the nature of slump and 
neep movement. 

(2) Ocean Minerals Program. Because manganese­
nodule mining may soon he unde r way, the Survey has 
proposed a progmm of resource analysis to define poten­
tial sites for mining and to set up realistic regulations. 
There is, however, still some uncertainty as to which fed­
eral agency should do this joh. 

(3) Deep-Ocean Resource Assessment. As development 
of the ocs progresses, interest in the continental slope, 
rise, and adjacent small ocean basins will increase. The 
Survey plans to shift its emphasis on resource analysis 
and environmental studie s from the contine ntal shelves 
to deeper waters as soon as activity on the Outer Conti­
nental Shelf permits. 

Bureau of Land Management (BLM) 

Operating primarily under the Outer Continental Shelf 
Lands Aet and associated laws, the BLM is charged with 
assuring that the government reee ives fair value fo r fed­
eral lands leased, promotes orderly development of those 
lands, and protects the environment. In the early 1970's, 
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the obligations of both the National Environmental Re­
source Assessment (NERA) and a massive program of fron­
tier leasing were assigned to the Interior Department and 
BLM. This combination and a variety of other pressures 
resulted in the initiation of an environmental studies pro­
gmm (not research, in BUt's definition). Initially, the pro­
gmm was related to one lease area at a level of about $1 
million for the first year. The program has now grown to a 
current annual budget of about $50 million and relates to 
approximately 15lease areas. The funds are used for work 
in all the subfields of oceanography. About half of the 
funds cover the Alaskan lease areas and are passed di­
rectly to :'IIOAA for environmental assessment work. 

BLM' s work consists of literature surveys, reconnais­
sance work, baseline or benchmark studies, monitoring, 
and other special studies, such as fates and effects of pol­
lutants. All the work is eontmcted out, most of it to other 
federal ageneies and private consulting firms . 

Annual reports are anticipated for each of the frontier 
lease areas. The reports will synthesize environmental 
information for Department of the Interior respon­
sibilities. 

Ot.:ean Mining Administration (OMA) 

OMA was established in 1975 and has the responsibility to 
plan policy for the development of mineral resources of 
the deep sea (beyond the continental shelO, plus Antarc­
tica. OMA is also concerned with jurisdictional issues in 
international negotiations. 

OMA is charged to maintain coordination with other In­
terior Bureaus and with other agencies in the federal gov­
ernment. To date, OMA's activities have been coneen­
trated on manganese nodules; its data acquisition and re­
seareh are contmctive. Its future plans are uncertain. 

DEPARTMENT OF DEFENSE 

United States Navy 

Within the U.S. Navy, two categories ofresearch are con­
ducted at continental margins: in-house research [at the 
Naval Researeh Lahomtory (:-.IRL) in Washington, D.C., 
and at the Naval Oceanographie Research and Develop­
ment Activity (NORDA) in Mississippi] and contract re­
search [at academic institutions through the Ocean Re­
seareh Office of the Ofl'ice of Naval Researeh (ONR)]. The 
scope of work is worldwide and e xtends from the conti­
nental margins into the deepe r ocean basins. 

In-house research concentrates on the acoustic behav­
ior of marine sedime nts deposited along the margins, the 
nature and source of gmvity anomalies, and the relation 
between magnetic anomalies and the fabric and tectonics 
of the ocean floor. Out of a total fiscal year 1978 Navy 
oceanogmphy basic research budget of $45 million, ap­
proximately $8 million is allocated for marine geology 
and geophysics. Of the $8 million, $1 million is dedicated 
to in-house research. Of the $1 million, approximately 
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$0.3 million is planned for aeromagnetic research proj­
ects, the hulk of which will he done in the Arctic hasin. 

The aeromagnetic studies are unique in that long­
range, Navy P-3 aircraft, re-instnunented with research 
magnetometers, are used as platforms. This technique al­
lows a thorough survey of an oceanic area, usually with a 
line spacing of 5-8 km and a flight elevation of 200 m 
ahove sea level. Airborne research has been particularly 
useful in identifying magnetic anomaly patterns over rela­
tively ina<:cessible regions such as the continental mar­
gins of the Arctic basin and over magnetically complex 
regions such as the Pacific margin island arcs. 

Coupled with the aeromagnetic studies are geophysical 
traverses made aboard vessels such as the USNS Hayes 
(NRL). These vessels are equipped to do acoustic propaga­
tion studies, through hoth the water layer and the oceanic 
crust. The acoustic work concentrates on propagation fre­
quencies below 100 Hz and is implemented in the field 
hy towed and ocean-bottom-mounted sensors. Navy re­
searchers do very little multichannel subhottom profiling 
on continental shelves. The Navy's continental margins 
work is mostly done along the deeper parts of the conti­
nental slope and upper rise. In-house marine geology and 
geophysics work at NRL and NORDA is all unclassified, but 
directed, research. It ties in closely to Navy missions. Al­
though the budget for in-house research work is relatively 
small, much progress has been made, especially in the 
fields of aeromagnetic studies and acoustic propagation, 
because expensive field platforms (e.g., ships and 
airplanes) are funded largely out of Navy operations 
funds. 

The contract research program of ONR in marine geol­
ogy and geophysics has an annual budget of approxi­
mately $7 million. The Navy contracts with oceano­
graphic research groups in the U.S. academic community. 
Contract research is administrated through proposals, 
proposal reviews, and annual site visits of the contract 
institutions. Research supported by contracts is largely 
shipboard open-ocean, and is carried out through team 
efforts rather than through individuals. Research cruises 
tend to be devoted to integrated marine geological and 
geophysical investigations that are worldwide in scope. 

The object of the program is to provide an oceanwide 
ability to predict or assess the ocean-floor environment 
for future naval systems or operational requirements and 
to provide quantitative data on the physical properties of 
the oceanic crust for the Navy's antisubmarine warfare 
programs. The program views the oc·ean-floor environ­
ment as the product of an ocean wide geological process. 
The morphology of seamounts, the variations in acousti­
cal and physical properties of marine sediments, the vari­
ability in magnetic anomalies observed above the oceanic 
crust, and the variations in the marine gravity field are 
viewed not as random phenomena but as components of 
discrete and predictable natural processes. 

Particular emphasis within the program is directed to­
ward studies of ocean-floor acoustic propagation, that is, 
the physics of high-frequency reflectivity of the ocean 

floor, the physics of low-frequency acoustic propagation 
through the ocean floor, the formation of ocean-floor 
acoustic reflectors, and the areal variations in these ac:ous­
tic phenomena. A secondary, but significant, part of the 
program is directed toward studies of the origin and loca­
tion of major bathymetric, gravity, and magneti<­
anomalies. 

Another part of the program examines the dynamics of 
sediment transport. This includes the effect of bottom 
currents on microtopography and rates of sedimentation 
and erosion, the effects of sediment composition and 
chemical changes on the mechanical properties of the 
ocean floor and on the ocean-floor mechanical stability, 
and the relationship of sediment parameters to acoustic 
parameters. 

Principal contract institutions include Lamont-Doherty 
Geological Observatory (Columbia University), Woods 
Hole Oceanographic Institution, Scripps Institution of 
Oceanography (University of California), Massachusetts 
Institute of Technology, the University of Hawaii, Ore­
gon State University, the University of Rhode Island, the 
University of Washington, the University of Texas, and 
the University of Connecticut. 

In funding the research, approximately 15 percent of 
the total budget is devoted to supporting ship-time on 
academic research vessels. 

The ONR contract research program is closely tied to 
similar basic research programs of the NSF. The tie, how­
ever, is a complementary one. For example, the NORD:\ 

contract research program supports very little work in 
biostratigraphy, but it supports a major effort in ocean· 
bottom seismology. Under this program, a concentnted 
effort has heen directed toward sediment thickness 
studies of the continental margins of the Atlantic and 
Pacific through single-channel seismic-reflection tech­
niques, sonobuoy refraction (using Navy sonohuoys), 
ocean-bottom seismology, and gravimetry. This work re­
sulted in published sediment isopach maps of the Pacific. 
the Atlantic, and the North American continental margin. 
The work was done by the Lamont-Doherty Geological 
Observatory. 

Other studies that ONR supported included oc·ean­
bottom seismograph investigations of the West Coast 
margin and the Juan de Fuca Ridge by the Oregon State 
University; geophysical studies of the west Pacific island 
arcs by the Scripps Institution of Oceanography (SIO); a 
sedimentological investigation of the Bay. of Bengal by 
SIO; and gravimetric studies of the Aleutian, Kuril, Japan. 
Bonin, and Mariana trench systems of the Pacific Ocean 
by the Lamont-Doherty Geological Observatory. Sedi­
ment dynamics studies of the slope and upper rise areas 
of the East Coast offshore have been conducted on 1'\avy 
submersibles by the Woods Hole Oceanographic Institu­
tion and the Lamont-Doherty Geological Observatory. 

The Naval Arctic Research Laboratory (NARL) is a 
Navy-owned, contractor-operated, research facility, at 
Barrow, Alaska, on the Arctic Ocean. It consists of 116 
semipermanent and permanent buildings located on land 
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withdrawn from the Navy Petroleum Reserve Number 
Four. 

The Laboratory supports both Navy/Department of De­
fense and other agency research on a reimbursable basis. 
The logistic capability ofNARL includes a Twin Otter air­
craft, two C-117s, and smaller single-engine aircraft. A 
light-weight warping tug modified for oceanographic re­
sean:h and the 76-foot Natick comprise the fleet. 

The NARL role includes both the support of studies 
conducted at Point Barrow and the logistics and support 
services for field parties that conduct research at field 
stations that may range from the Bering Strait to the coast 
of Greenland and out on the Arctic pack ice. 

In the future, most of the projects on continental mar­
gins that ONR will fund will concentrate on the behavior 
of sound in the marine sediments and in the oceanic 
lithosphere. The projects will be carried out by using 
both ocean-bottom seismometers and long-line seismic­
refraction techniques. These studies will be supple­
mented by marine gravity measurements in locations of 
special interest. Continental-margin sedimentation 
studies will be carried out through the increased use of 
submersibles. 

The fiscal year 1978 budget breakdown is as follows: 

~avy oceanography (basic research) 
total 

:'IJavy marine geology and geophysics 
1\avy marine geology and geophysics 

in-house research 
~avy marine geology and geophysics 

contract research 
!';avy marine geology and geophysics 

contract research (continental margins) 

DEPARTMENT OF COMMERCE 

$35 million 
8 million 

1 million 

7 million 

2 million 

National Oceanic and Atmospheric Administration 
(NOAA) 

NOAA's involvement in marine geology and geophysics 
started with its ancestors, the U.S. Coast and Geodetic 
Survey (usc&GS) and the U.S. Weather Bureau. The Sur­
vey's efforts were confined largely to geodesy and some 
geophysics until the mid-1950's, when G. F. Jordan dem­
onstrated that the detailed bathymetric contouring of the 
continental shelf, produced primarily for nautical charts, 
could be used for inferring some shelf geology. Then, in 
the early 1960's, following the recommendations of 
NASCO and the Interagency Committee on Oceanography 
(ICO), the usc&Gs undertook systematic deep-sea surveys 
of the North Pacific, using echo-sounders, magnetome­
ters, and gravity meters. 

The first descriptions of seafloor magnetic striping­
the now-familiar zebra patterns of seafloor magnetic 
anomalies-indicated that systematic magnetometer sur­
veys provided a new and exciting tool for marine 
geophysical research. Magnetic surveys by Scripps scien-
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tists aboard the usc&Gs ship, Pioneer, resulted in papers 
by Raff, Mason, Vacquier, and others that helped to de­
velop the hypotheses of plate tectonics and seafloor 
spreading. The systematic survey (by those who pos­
sessed the tolerance for tedium to carry it out) became an 
accepted resean:h tool. 

In 1965, the Survey and the Weather Bureau became 
the major components of the new Environmental Science 
Services Administration (ESSA). The marine geological 
and geophysical research activities became part of the 
ESSA Institute for Oceanography (10). With the formation 
of NOAA in 1970, this research went to IO's successors­
mostly to :-JOAA's Atlantic Oceanographic and 
Meteorological Laboratories (AOML), which moved from 
Washington, D.C., to Miami, Florida, in 1967. A much 
smaller part of the research remained with NOAA's Pacific 
Marine Environmental Laboratory (PMEL) in Seattle, 
Washington. 

The National Ocean Survey (NOS) is the successor to 
the usc&Gs. The present program of NOS in the shelf­
slope-upper rise region is mission-oriented. It focuses on 
making detailed bathymetric and oceanographic surveys 
and mapping of estuarine regions and the continental 
shelf and upper rise out to a distance of 200 miles from 
U.S. territorial landmasses. 

The surveys use 12-kHz and 3.5-kHz echo-sounding 
and water-mass measurement devices installed on 25 
NOAA vessels . Ten of these vessels are devoted entirely to 
hydrographic surveys in U.S. territorial waters . The 
standard survey ship is the Mt. Mitchell, 240 feet in 
length, 3000 tons in displacement. The l':OS program pro­
vides detailed bathymetric data from ship tracks spaced lf2 
to 1 mile apart over the continental shelves and margins 
of the United States. The southeastern section of the con­
tinental shelf of North America has been resurveyed. Ac­
<:ompanying these surveys are tidal measurements and 
shelf-ocean water-circulation studies. Combined, these 
studies are aimed at predicting tidal and current fluxes on 
the shelves and the effect of those fluxes on the develop­
ment of bathymetry. 

The BLM, the USGS, and NOS use these survey data to 
assess hydrocarbon lease regions of the ocs. :'~<OS con­
tracts with academic institutions to do research aimed at 
assessing the impact of bathymetry and water circulation 
on ocean dumping off the East Coast and in the Gulf of 
Mexico. Detailed bathymetry surveys with track lines of 
spacing closer than lf2 mile are being conducted along the 
approaches to ports and jumbo-tanker mooring facilities . 

At present, five NOAA ships are assigned to research [as 
carried out by NOAA's Environmental Research 
Laboratories (ERL)]. Nautical charting and hydrography 
costs NOS about $10 million annually. Three-hundred and 
twenty employees are assigned to charting and hydrog­
raphy. Ocean and coastal mapping costs approximately 
$5.7 million/year, and about 175 people work on it. 

The nation's increased need for bathymetric and 
oceanographic data over oceanic regions under U.S. 
jurisdiction has led NOS to develop innovative survey 
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techniques, such as the shelf swath-mapping, heave­
compensated, sonar (BOSN) that is being fitted to the 
continental-shelf hydrographic vessels. This technique 
will he used extensively for detailed mapping and study 
of the extent and origin of complex bathymetric features. 
A program of deepwater, swath-mapping, microtectonics 
is being developed through retrofitting of a 3-km-wide 
swath, deep-sea mapping facility on the Discor;erer and 
Surr;eyor. This program will work closely with academic 
institutions and will use the Akin in developing an un­
derstanding of deepwater microhathymetric and tectonic 
trends. Also, NOS is digitizing all its bathymetric data so 
that they can instantly be retrieved. 

Laboratory analyses and process-oriented studies that 
are associated with the NOS mission prognuns are done 
largely hy contract and through cooperative studies with 
NOAA's ERL and by contracting with academic institu­
tions. The current contract research budget of NOS with 
academic institutions is at a level of $4 million per year. 

NOS also has a comprehensive, satellite-based, ship­
based gravity-and-geodetic program. The present prob­
lem being investigated is the origin of the continental­
margin geoidal tluctuation. This program will be ex­
panded through the use of SEASAT satellite altimeter data 
for the study of the relationship between continental­
margin geoidal fluctuations, the deep geological struchue 
of the margins, and the water masses circulating over the 
site of the geoidal anomalies . Fifteen people are involved 
in these studies. The program has an annual budget of $1 
million. 

Encironmental Research Laboratories 

Pacific Marine Enr;ironmental Laboratory (PMEL), 

Seattle, Washington 

Partly with in-house capability, partly on contract with 
others, and in cooperation with the Geological Survey, 
PMEL is working on the Alaska shelf as part of NOAA's 
Outer Continental Shelf Environmental Assessment Pro­
gmm (OCSEAP) for BLM. PMEL' s major marine geological 
effort is assessing the potential environmental impact of 
deep-sea mining for manganese nodules in the Pacific. 
Called Project DOMES (for Deep-Ocean Mining Environ­
mental Studies), the in-house work has been carried out 
primarily from the NOAA ship Oceanographer. 

Atlantic Oceanographic and Meteorological 
Laboratories (AOML), Miami, Florida 

AOML's Marine Geology and Geophysi<:s (MG&G) Labora­
tory has two major programs on continental margins: Con­
tinental Margin Sedimentation (COMSED) and the Trans­
Atlantic Geotraverse (TAG). 

COMSED is composed of four projects: 

l. Continental Shelf Sedimentation (CONSED) is an at­
tempt to understand sedimentary processes and sediment 

dynamics of the Atlantic continental shelf. The projed 
looks at intenu:tions between shelf waters and the under­
lying sediment and studies offshore waste disposal. :\ 
goal is to provide a portion of the environmental under­
standing that is needed for operations on the seafloor, 
e .g., siting for offshore breakwaters for floating nuclear 
power plants and offshore drilling rigs. 

2. The Marine Ecosystems Analysis (MESA) Program is 
a multidisciplinary study of the effects of man's activities 
on the marine ecosystem. The MESA New York Bight 
Project shtdies an area where man's depredations of the 
marine environment have been particularly severe. This 
project includes a marine geological component designed 
to determine the character and distribution of surficial 
sediments in the area seaward of New York Harbor and to 
determine the sediment flux, estimate the sediment 
budget, and deterntine the sediment-transport mecha­
nisms and routes of anthropogenic and naturally O<.'Cur· 

ring seafloor materials. 
3. Rational Use of the Sea Floor (RUSEF) is a projed 

aimed at detennining the sedimentary framework of the 
Outer Continental Margin, with particular emphasis on 
processes currently affecting the erosion, transport. and 
deposition of sediment along the continental margin. Par­
ticular emphasis has been on the role of submarine can· 
yons as potential conduits for sediments from the shelf to 
the deep sea. 

4. Marine Geotechnique investigates the geotechnical. 
or mass physical properties, of selected seafloor areas in 
order to assess the geological conditions and processes 
related to marine sediment stability. Studies have been 
made off the Mississippi Delta jointly with the USGS, sev­
eral universities, and industry (Project SEASWAB). This 
project tries to understand the processes within the sedi· 
ments that affect sediment stability-again, a particular 
concern of those involved in emplanting off~hore rigs or 
laying subsurface pipelines. Additional studies have lx·en 
made in recently discovered major slump areas on the 
continental slope just north of Wilmington Canyon. 

The second program of AOML's MG&G Laboratory is 
only indirectly related to continental margins. The TAG is 
the seaward extension across the Atlantic of the Transc·on· 
tinental Geotraverse undertaken as part of the Upper 
Mantle Program. TAG is one of the few instances in whirh 
a project has been based on the assumption that geology 
does not stop at the coastline. Bec·ause the Navy has cov· 
ered most of the western Atlantic with detailed bathymet· 
ri<: and geophysical surveys, the TAG program has cone-en· 
trated more on the eastern Atlanti<: and on the ~lid­
Atlantic Ridge. Where the TAG corridor crosses the Ridge 
at 26° N, the most recent TAG work focuses on hydrother· 
mal processes that concentrate metals in the oceanic cntst 
at the Mid-Atlantic Ridge. In 1974, the TAG program dis· 
covered a hydrothermal manganese field within the 
midoceanic rift valley. This program also plans to produt't' 
a joint U.S.A.- U.S.S.R. atlas of the c·entral North Atlantic 
ocean basins and continental margins. 
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With the present overflow of proposals to reorganize 
the oceanic agencies within the Executive Branch, any 
future IJlans must be considered as no more than the 
roughest of speculations. NOS plans to continue its nauti­
cal charting activities as long as they are needed. Those 
who say "Haven't you got the shelf charted yet?" simply 
do not realize that maintaining and updating charts must 
be done not only because bottom topography changes 
with time but also because the increasing draft of large 
tankers demands new charts. NOS plans to work even 
closer with the !'IOAA!ERL system and the academic com­
munity, especially on such new NOS responsibilities as 
the ocean-dumping program. 

AOML and PMEL plan to accelerate their efforts to un­
derstand the dynamics of sedimentary processes on the 
continental margin. AOML anticipates that this work will 
contribute to a much better understanding of the pro­
eesses affecting sediment stability or, more importantly, 
instability. 

In the Pacific, PMEL probably will become increasingly 
involved in the sedimentological aspeets of a Puget 
Sound study within the MESA Program. PMEL will con­
tinue work on the DOMES Project and-at least for the 
near future-it will make additional studies (coopera­
tively with the USGS) that relate to the ocs Environmental 
Assessment Program for BLM. 

With the exception of DOMES and the TAG program, 
most of NOAA's marine geological and geophysical work 
for the next several years most likely will be concentrated 
on processes that act on the surficial and uppermost por­
tions of the U.S. continental margins. 

The Sea Grant Program 

The Sea Grant Program is based on the Sea Grant College 
and Program Act of 1966 and is designed to support ac­
tivities that "benefit the United States, and ultimately the 
people of the world, by providing greater economic op­
portunities, including expanded employment and com­
merce." The Sea Grant is modeled after the Land Grant 
Program. 

The national Sea Grant Program has been described as 
a unique federal-state-university partnership. It is, in 
faet, the only federal grant program that mandates and 
supports in American universities the integration of re­
search, education, and public service in a practical ap­
proach to developing marine resources and technology. 
Sea Grant is oriented toward applied research. It encour­
ages the formation of interdisciplinary teams to define 
problems and to respond to local, state, and regional 
needs in research. The emphasis on application to spe­
<:ific problems gives Sea Grant a strong grass roots base. 
That base is further reinforced by Sea Grant's Marine Ad­
visory Services, which are aimed at transfer of knowledge 
and the search for and definition of problems. 

In its relation to universities, Sea Grant introduced the 
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concept of the progressive status of its grantees, encourag­
ing growth from several projects through several stages to 
the status of a Sea Grant college. Sea Grant support comes 
in three forms: 

1. Project-for individual projects; 
2. Coherent-for groups of projects at an individual 

institution; and 
3. Institutional-for large programs at institutions 

generally acknowledged as having a broad base of activity 
in marine affairs and that have committed themselves to 
positive, long-term objectives in the field. 

To strengthen the relation between investigators and 
the organizations for which they work, Sea Grant has 
created program directorates within universities. The Sea 
Grant director is a university employee who controls the 
program. This procedure restores authority and guidance 
to the university and fosters local support of the program 
by being sensitive to local and regional programs. 

Finally, one third of the cost of all programs must be 
provided from nonfederal funds, thus providing an incen­
tive for support from other sources. This has been so suc­
cessful that in some programs nonfederal sources exceed 
50 percent, making the federal government the junior 
partner in some Sea Grant programs. Today, there are 12 
Sea Grant colleges and universities. 

The Sea Grant Improvement Act of 1976 directs the 
Secretary of Commerce to issue guidelines for national 
projects, calls for the development of international 
cooperative assistance programs, and includes mandates 
for greater emphasis on regional consortia and educa­
tional fellowships. Of particular interest is the proposed 
development of programs by which universities under 
Sea Grant sponsorship may work with sister universities 
in other countries. This is to be done with experts in in­
ternational oceanographic affairs. 

The Sea Grant role in geological and geophysical re­
search on continental margins has been relatively minor 
because this work is more within the scope of other fed­
eral agencies. 

NOAA's Environmental Data Service operates the Na­
tional Geophysical and Solar-Terrestrial Data Center 
(NGSDC) located in Boulder, Colorado. This Center serves 
as the national focus for marine geological and geophysi­
cal data management and dissemination to users. NGSDC 
has a constantly expanding data base that currently con­
sists of some 6,000,000 nautical miles of underway 
geophysi<:al data ~gravity, magnetics, and seismic) and 
some 75,000 geological data entries. The Center is pre­
pared to archive new continental-margin data as well as to 
provide historical data-support and data-management 
services. The IOOE continental-margin data are included 
in the Center's data files, as well as USGS data, and the 
NOS is cooperating with the NGSDC in digitizing that vast 
accumulation of sounding data and surficial-sediment 
eharacteristi<:s data that NOS has obtained over the years 
on the U.S. continental margin. 
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DEPARTMENT OF ENERGY 

Introduction 

The shape and scope of the new Department of Energy 
(DOE) is not yet dear to this Panel. There is little doubt, 
however, that the programs of this department will have 
considerable impact on research of t·ontinental margins. 

Because the Energy Research and Development Ad­
ministration has been absorbed by the new Department 
of Energy, we include our summary under this heading. 

Energy Research and Development Administration 
(ERDA) 

ERDA and its predecessor, the Atomic Energy Commis­
sion (AEC), have a history of supporting research that fo­
cuses on migration of energy-related wastes or by­
products, particularly radionuclides, in the marine envi­
ronment. Most of this research has been concerned with 
transport in the ocean itself: but quite a bit deals with the 
movement and fixation of wastes in marine sediments. 

ERDA's current interests in the marine environment of 
the continental margins include potential resources of pe­
troleum, uranium, thorium, and geothermal energy; utili­
zation of ocean thennal gradients to generate electricity; 
and environmental consequences of energy-related ac­
tivities. 

The nonrenewable fossil-fuel and nuclear-energy re­
sources are of particular importance with respect to the 
nation's immediate (to about year 2000) energy require­
ments. The sediments and sedimentary rocks of the U.S. 
continental margins have considerable promise regarding 
fossil-fuel energy resources. To realistically evaluate the 
potential of such resources will require a major research 
effort involving both fundamental and applied research 
activities. ERDA is cooperating with the USGS to provide 
the basic information required to assess the petroleum 
potential in rocks of the continental slope, rise, and adja­
cent deep ocean. 

The DOE is expected to support research directed to­
ward making effective and efficient use of the nation's 
energy resourt·es. Basic research will be an essential 
component of this effort. It is necessary to provide the 
scientific base for future energy technologies . In view of 
the mandates of other federal agencies, DOE no doubt will 
coordinate its research activities with and support those 
of its federal siblings. 

Exploration, extraction, ultimate consumption, and 
final disposition of waste energy and materials are all en­
compassed in using energy resources. If energy resources 
are used, and waste products disposed of, effectively, 
man's physical and biological environment need not be 
significantly degraded. 

DEPARTMENT OF STATE 

The Department of State's interest in geological and 
geophysical research on continental margins relates 

primarily to the delimitation of maritime boundaries. 
Negotiations about the Law of the Sea deal with national 
claims to jurisdiction over the submerged areas of the 
continents. For example, if the continental margin com­
prises the seabed and subjacent sediments of the shelf. 
slope, and rise, then what provisions must be made for a 
nation whose margin extends beyond 200 nautical miles? 
Another important issue in the Law of the Sea negotia­
tions is the question of national jurisdiction over scientific 
research (and the concomitant distinction between bask 
and applied research) within maritime zones (see the set·· 
tion on "The Law of the Sea and Scientific Research .. at 
the end of this Appendix). 

The Office of the Geographer (Department of State) is 
given special funds to conduct a resource assessment of 
U.S. maritime boundary areas. The Geographer must 
compile, for each area, all known information on the dis­
tribution of resources, both living and nonliving, both 
present and potential. 

The Office of the Geographer has funded the process­
ing costs of previously derived geophysical data, and, \'ia 
the USGS, has purchased proprietary seismic data (which 
remain proprietary). The Office has also obtained data 
from private industrial firms and from university­
sponsored research. The monies available to this Office 
are too small to support new field research. 

In the assessment of maritime boundary areas, the Of­
fice of the Geographer reports directly to the Office of the 
Legal Adviser. Other offices or bureaus within the De· 
partment of State with interests in the maritime boundary 
project include the Executive Secretariats, the National 
Security Council Interagency Task Force on the Law of 
the Sea, the Bureau of Oceans and International En· 
vironmental and Scientific Affairs, and the Office of 
Oceans and Fisheries Affairs. In addition, the various re­
gional bureaus are concerned with pertinent maritime 
boundary zones affecting their geographic or political 
areas of interest. 

No significant support for continental-margin research 
comes from the Department of State. 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

(NASA) 

In the chapter on remote sensing (Chapter 12), some of 
NASA's projects that are particularly .relevant to 
continental-margin studies are discussed. A number of 
specific projects related to earth science are carried out in 
NASA Space Flight Centers (e.g., the Geodynamics 
Branch of the Goddard Space Flight Center). Overall 
coordination occurs under the Earth and Ocean 
Dynamics Program (EODAP) in the Office of Application. 
EODAP originated with Geodesy and the National Geodt"­
tic Satellite Program. 

Today, EODAP is attempting to define user needs in the 
marine and continental earth sciences; to develop tools to 
meet those needs; and to demonstrate tools, techniques. 
overall aerospace technology programs, analysis, and 
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modeling. Finally, EODAP is concerned with the transfer 
of that technology. 

EODAP elements-on applications research and 
technology-include the following: measurement sys­
tems, forecasting techniques, modeling, data analysis, 
tectonic-plate motion/validation, EODAP surface truth, ad­
vanced applications flight experiments, Shuttle experi­
ment definition, application analysis and studies, and ap­
plication systems verification tests. 

In addition to this, EODAP is concerned with the follow­
ing flight missions: Skylab, Geodynamics Experimental 
Ocean Satellite (GEOS), Apollo/Soyuz Test Project, Laser 
Geodynamics Satellite (LAGEOS), Ocean Dynamics Satel­
lite (SEASAT), Magnetic Field Satellite (MAGSAT), Space 
Shuttle/Spacelab, Earth Surface Surveyor (ESS), and Grav­
ity Field Satellite (GRAVSAT). 

EODAP had an Ocean Dynamics Advisory Subcommit­
tee working under the Application Steering Committee. 
That committee was an outgrowth of a SEASAT User Work­
ing Group. An Earth Dynamics Advisory Subcommittee 
was appointed with the assistance of the Committee on 
Earth Sciences of the National Research Council's Space 
Science Board. The Earth Dynamics Advisory Subcom­
mittee had about 50 members, approximately half of 
whom were university scientists and another half, federal 
scientists; two scientists were from industry. As a result of 
the Executive Office directive to reduce the number of 
government advisory committees, both the ocean and the 
earth dynamics advisory groups have been disbanded. At 
this writing, discussions about what advisory mechanisms 
should replace these are in progress. 

NATIONAL SCIENCE FOUNDATION 

Introduction 

The National Science Foundation (NSF) was established 
in 1950 to promote the progress of science in order to 
advance the national health, prosperity, and welfare. The 
Foundation fulfills this responsibility primarily by spon­
soring research in all the sciences, encouraging and sup­
porting improvement in science education, and fostering 
sdentific infonnation exchange. NSF does not, itself, con­
dud research. Recipients of NSF support have fitll respon­
sihility, in accordance with the tenns of their grants or 
other agreements, for the conduct of their projects and for 
the results produced. Proposals for support are assigned 
to the appropriate directorate, division, section, and pro­
gram for review and evaluation. The basic organization of 
the NSF is shown in Figure A.4. 

Research projects that pertain to geological and 
geophysical studies of continental margins reside within 
the Astronomical, Atmospheric, Earth and Ocean Sci­
ences Directorate (AAEO). This Directorate is subdivided 
into five Divisions. The three Divisions with major proj­
ects in continental-margin studies are the Division of 
Ocean Sciences (OCE), the Division of Earth Sciences 
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(EAR), and the Division of Polar Programs (DPP) . The Di­
visions are composed of Sections, which cover hroad disci­
plinary areas. An exception is EAR, which has only pro­
grams. The final organization unit of the Foundation is 
the Program. All research proposals ultimately go to a 
Program for review and evaluation. The primary Program 
offices that support continental-margin geological­
geophysi<:al research are the following: 

1. Division of Ocean Sciences: Submarine Geology 
and Geophysics Program (Oceanography Section) and 
Seabed Assessment Program (Office for the International 
Decade of Ocean Exploration). 

2. Division of Earth Sciences: Geochemistry Program, 
Geology Program, and Geophysics Program. 

3. Division of Polar Programs: Polar Earth Sciences 
Program and Polar Ocean Sciences Program (Polar Sci­
ence Section). 

In addition to these, three "offices" provide logistics 
and spedalized facility support: the Office of Oceano­
graphic Facilities and Support (OFS), the Ocean Sediment 
Coring Program (OSCP), and the Polar Operations Section 
(part of the Division of Polar Programs). More detailed 
descriptions of the varying divisions, sections, and pro­
grams, with emphasis on the geological and geophysical 
research programs. f()llow. It is important to note that the 
research programs all have responsibilities for research 
areas broader than <:ontinental-margin research alone. 
Proposals for support of continental-margin sh1dies are 
evaluated in the context of overall program respon­
sibilities and priorities. 

The approximate level of NSF support for geological 
and geophysical research on continental margins in fiscal 
year 1977 was $10.7 million, exclusive of Antarctic logis­
tics support. The general distribution of funds by pro­
grams was as follows : 

Division of Ocean Sciences 

Submarine Geology and Geophysics Program 
Seabed Assessment Program (IDOE) 
Office of Facilities and Support (ships) 

Division of Earth Sciences 

Geophysics Program 
Geochemistry Program 
Geology Program 
Ocean Sediment Coring Program (DSDP) 

Division of Polar Programs 

Polar Earth Sdences Program 
Polar Ocean Sdences Program 
Polar Operations Section (logistics) 

$Thousands 

$1.800 
1,000 
2,000 

$4,800 

1.200 (est .) 

4,000 

$5.200 

400 
400 (est.) 

$ BOO 
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Dit:ision of Ocean Sciences 

The overall objective of the Ocean Sciences Program is to 
improve understanding of the nature of the m:ean, its in­
fluence on human activities, and human impact on the 
marine environment. This is accomplished (1) hy support­
ing individual scientists' basic research projects 
(Oceanography Section) and (2) by funding large projects 
within the Office for the International Decade of Ocean 
Exploration (IDOE). The Oceanographic Facilities and 
Support Program provides acquisition and operating 
funds for research vessels to carry out these research pro­
grams. 

Submarine Geology and Geophysics (SG&G) Program 

The SG&G program is very broad. It supports all areas of 
geological, geochemical, and geophysical research that 
pertain to the nature of the oceanic sediments and rocks 
and to the genesis and evolutionary history of the ocean 
basins. Research supported hy this program includes the 
following areas: 

• Geologic structure; tectonics-geophysical and 
geological investigations of the structure of the oceanic 
crust and overlying sedimentary layers. This includes 
studies of continental margins, oceanic rise systems, 
ocean basins, deep-sea trenches, fracture zones, sea­
mount chains, and aseismic ridges. Projects range from 
local detailed structural studies to the development of 
global geodynamics models. Primary data sources include 
seismic, gravity, magnetic, bathymetric, thermal, and 
electromagnetic measurements, often coupled with phys­
ical property determinations. 

• Igneous and metamorphic processes-geological, 
geophysical, and geochemical studies of the rocks and 
sediments that fonn the ocean floor. Basic emphasis is on 
describing and understanding the origin, development, 
and subsequent alteration of the ocean crust. Includes 
studies of IPOD and dredge samples from oceanic rises, 
fracture zones, and sediments; basalt-seawater interac­
tion; mineral chemistry; age-dating techniques; and pet­
rogenetic modeling. Primary data types inc.·lude major, 
minor, and trace-element determinations; hulk chemis­
try; and petrologic and petrographic studies, coupled 
with experimental laboratory studies and geochemical 
modeling. 

• Sediment deposition; diagenesis; composition­
geological, geophysical, and geochemical studies of 
oceanic sedimentary sections. Basic emphasis is on un­
derstanding the physical processes of sediment deposi­
tion and erosion, sediment distribution patterns, c.·hemical 
changes and alteration of sediments with time, 
sediment-seawater and sediment-igneous rock interac­
tions, and dominant geological and oceanographic pro­
cesses controlling sedimentary systems. Individual proj­
ects range from studies of the interaction of bottom water 
currents and sediment bedforms to examination of the 
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changes in organic l'Onstituents with temperature and 
pressure from DSDP cores. Data sources include bottom­
current measurements, physical property measurements, 
organic geol·hemistry, physkal chemistry, and strati­
graphic and lithologic measurements. 

• Geologic history; paleoenvironments; hiostra­
tigraphy-geologkal, geochemical, and geophysical proj­
ects directed toward understanding the evolution of the 
ocean has ins and the interaction of the geologic systems 
to other environmental factors. Includes studies of past 
oceanic circulation patterns, paleoclimates, evolution of 
microfossil groups, water chemistry and temperature con­
trols on fossil assemblages and sediment types, and in­
temction of land and oceanic geologic processes. Primary 
data sources are micropaleontologk and geochemical 
measurements coupled to oceanographic, hiologkal, and 
physical modeling efforts. 

Seabed Assessment Program 

The International Decade of Ocean Exploration (I DOE) is 
a long-term, international, cooperative program to im­
prove the use of the ocean and its resources for the benefit 
of mankind. Late in 1969, the Vice-President of the 
United States, in his capacity as Chairman of the National 
Council on Marine Resources and Engineering Devel­
opment, assigned the responsibility for planning, manag­
ing, and funding the U.S. program to NSF. With regard to 
geology and geophysics on continental margins, the Sea­
bed Assessment Program was relevant, and the following 
goals were stated: "Expanded seabed assessment al·­
tivities to permit better management-domestically and 
internationally-of marine mineral exploration and 
exploitation hy acquiring needed knowledge of seabed 
topography, stntcture, physical and dynamic properties, 
and resource potential, and to assist industry in planning 
more detailed investigations." 

Seabed Assessment Programs are divided into three 
broad areas: continental-margin studies, metallogenesis 
and plate tectonics, and manganese-nodule studies. Spe­
cific projects tend to cut across the first hvo themes, e.g., 
Nazca Plate Study and Studies in East Asia Tectonics and 
Resources (SEATAR). Seabed Assessment also supports 
use of the suhmersihle Alvin, e.g., Projeet FAMOUS and 
the Galapagos Rift. 

In general, IDOE supports a few large-scale projects that 
focus on major scientific problems. The problems must be 
amenable to solution. In other words, the study must he 
hased on a hypothesis that can he tested. The CLIMAP 

program, although part of the Environmental Forecasting, 
was essentially a geological project. It is considered one 
of the more successful .. big science·· efforts. The prepara­
tion of a temperature map 18,000 years B.P. served as the 
goal for a large and varied number of measurements. 

!DOE was to focus on large-scale projeets, i.e., on "hig 
science." As the following tabulation compiled hy the 
OSB shows, this was at one time tnte, hut today the aver­
age grant size is similar to that of typical NSF grants. 
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Grant size 

Oceano)(mphy Sedion 

Grant size in 1970 dollars 

Oceanography Sedion 
I DOE 

,\fan-months per grant 

Oceanography Section 
IDOE 

Eq11i11n1ent per grant 

Oceanography Section 
IDOE 

Eq11ipment per grant 
in 1970 dollars 

Oceanography Section 
IDOE 

1972 

$ 42,000 
$27 4,000 

$ 41,000 
$263,000 

8.8 
85.2 

$ 2,800 
$110,000 

$ 2,700 
$106,000 

1976 

$48.000 
$79,000 

$33,000 
$54,000 

8.6 
18.5 

$ 2,900 
$ 4,200 

$ 2,000 
$ 2,900 

Major research projects supported during fiscal year 
1977 are as follows: 

• Studies in East Asia Tectonics and Resources 
(SEATAR)-SEATAR investigates the tectonic and ~eologi­
cal processes that produce subduction zones, island an.·s, 
and mar~inal seas and attempts to relate these proc·esses 
to metallogenesis and hydrocarbon ~enesis. Studies of 
selective areas along the trench from Sumatra to the 
Banda Arc are concerned primarily with hydrocarbon 
genesis; those along the Banda Arc-Philippine Sea 
trench, with metallogenesis. Regional studies include 
gathering and synthesis of seismicity, heat-flow, gravity, 
and magnetic data. Maps of total sediment thickness and 
tectonic synthesis are being prepared. 

• Nazca Lithospheric Plate: Plate Te<:tonics and 
Metallogenesis-This study uses a wide range of marine 
geophysical, geological, and geoche111ical experimental 
techniques directed at determining the relation between 
the te<:tonic t·ycle of an oceanic plate and metallogenesis 
and eventual ore emplacement. This tectonic cycle is 
being considered in relation to (a) the primary oceanic 
source of metal at a divergent crustal plate boundary; (b) 
the transport and metallogenesis enrichment phase on the 
moving oceank plate; and (c) the zone of subduction, 
where the o<.·eanic plate is assimilated beneath the conti­
nent, with consequent mountain-building, seismicity, 
volcanism, and intrusion of material into the overlying 
crust to create mineralization zones. All fieldwork has 
been completed on this project. A final synthesis and 
analysis phase is being supported. 

• Galapagos Rift: Hydrothermal Processes and 
Metallogenesis-This project studies seawater hydro­
thermal systems that extract and transport heat and metals 
from newly intruded or erupted oceank crustal rocks. 
Hydrothermal pro<.·esses influence the composition of 
seawater, form extensive geothermal reservoirs, and lead 

to the formation of a variety of economically important ore 
bodies now preserved on the continents. Specific objec­
tives are (a) to locate active hydrothermal vents on the 
seafloor in the Galapagos Rift region, relating their distri­
bution to the local and regional crustal tectonic fabric; (h) 
to detem1ine the heat and seawater budgets of oceanit 
hydrothermal systems; (c) to understand the interaction 
between circulating fluids and seawater, and the pro­
cesses of precipitation, dispersal, and sedimentation of 
resultant solid phases; and (d) to relate the observations to 
models of the kinetks and thern1odynamics of water-roc·k 
interaction. 

• Manganese Nodule Program (MANOP)-This projed 
endeavors to understand the processes controlling the 
distribution and composition of deep-sea ferromanganese 
nodules. Specific goals for 1977-1978 are (a) to relate the 
composition of nodules to the flux of transition metals at 
the nodule sites; (b) to relate the nodule composition to 
the chemistry of the solution in which they grow-both 
pore and bottom waters; and (c) to detennine constraints 
for theories of nodule accretion and growth, based on 
chemical and nodule distribution observations. The re­
search centers on an integrated series of bottom ocean­
monitor experiments to be carried out on the seafloor in 
the eastern equatorial Pacific. 

Past projeds ineluded partial support for Projed 
FA~10US aJl(l support l(lr rl'gional geologkal and ~eophy'>­
ical studies of the South Atlantic (including the Afrkan 
Atlantic mar~in ami the South Amerkan Atlantic margin I. 

Offu:e of Oceanographic Facilities and Support (OFS) 

OFS provides a major share of the total support for 30 
research ships and a number of specialized fadlities op­
erated by 15 oceanographic laboratories (UNOLS). The 
continuing objectives of this program are (a) to provide 
operating costs for the research vessels needed to carry 
out NSF-supported research, (b) to maintain and improve 
the material condition of the ships, and (c) to coordinate 
Foundation ship support with other agency programs. 

Division of Earth Sciences (EAR) 

EAR endeavors to provide a basic knowledge of the stmc­
ture and composition of rocks and sediments that com· 
prise the earth's crust and the processes that fom1 and 
modify these rocks. EAR supports basic resean.·h programs 
of individual scientists, and research consortiums by the 
Geology Program, the Geochemistry Program, and the 
Geophysks Program. In addition, the Ocean Sediment 
Coring Program sponsors the a<.·quisition of geological 
samples from the floor of deep-ocean basins by means of 
rotary drilling and coring in sediments and underlyin~ 
crystalline rocks. 

Geology Program -supports field-oriented studies for 
testing and modifying geologkal theories along with 
studies of natural geological processes and the near· 
surface environment. 
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Geochemistry Program-directed toward determining 
the chemical nature of the earth, the ages of rocks and 
minerals, distribution of past temperatures and pressures 
in the earth, and the formation of ore deposits. 

Geophysics Program -supports research in earthquake 
seismology; gravity variations; heat-flow; internal electric 
currents; and past and present magnetic fields. Specific 
projects range from theoretical studies of elastic-wave 
propagation to an extensive field study of deep continen­
tal stmcture. 

Ocean Sediment Coring Program-The major activity 
under OSCP is the Deep Sea Drilling Project (DSDP), 

which is currently in its International Phase of Ocean 
Drilling (IPOD). The major portion of OSCP monies goes to 
operational support for the drilling ship, Glomar Chal­
lenger, to obtain oceanic sediment and rock samples. 
OSCP also supports advisory panels for site selection and 
advance planning, sample-curating activities, and site 
surveys for specific drilling locations. The program is 
largely ship-operations support. Although support for the 
direct operation of the drilling program proper comes 
from EAR, support for research on samples obtained by 
DSDPIIPOD primarily comes from the SG&G Program and is 
a significant component of that program. 

Divmon of Polar Programa (DPP) 

The DPP supports projects in all relevant sciences for the 
Antarctic and Arctic regions, including studies in human 
behavior, biology, cartography, geology, glaciology, 
meteorology, oceanography, solid-earth geophysics, 
upper-atmosphere physics, and magnetospheric physics. 
Because there are extreme environmental conditions, a 
considerable effort is devoted to logistics support. 

Polar Earth Sciences-Objectives in the Antarctic are 

• To understand the geology and history of the Antarc­
ti<:; 

• To assess the mineral resources potential in the Ant­
art·tic; and 

• To determine and understand the relationship of 
Antarctka to global geodynamics. 

Areas of special interest are the McMurdo Sound vicin­
ity, the central Transantarctic Mountains, the Scotia Arc, 
the Lassiter Coast, the Pensacola Mountains, Marie Byrd 
Land, the coast of Ellsworth Land, the Ellsworth Moun­
tains, and the continental shelf. Emphasis is being put on 
the completion of medium- and large-scale maps of areas 
where an analysis and a display of geological data are 
needed. 

Objectives in the Arctic are 

• To define the tectonic and geologic history of the 
Arctic Basin and the continental shelves; 

• To synthesize existing data on the geological devel­
opment of the Arctic in relation to the distribution of non-
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renewable resources and to reducing environmental im­
pacts; and 

• To determine the origin, state, and dynamics of sub­
sea permafrost. 

The Arctic Research Program provides support for 
geological and geophysical investigations in paleontol­
ogy, paleomagnetism, pem1afrost, seismology, tectonics, 
and cmstal structure. Researt·h is conducted in Svalbard 
with scientists from Norway, Poland, West Germany, and 
the United Kingdom. Svalbard is near a junction of the 
Mid-Atlantic Ridge, the Eumsian and the American tec­
toni<.· plates, and the Arctic Basin. 

The NSF is interested in defining the governing factors 
that regulate the Arctic environment to minimize any det­
rimental effects of human activities in the An:tic. There is 
a need to understand and predict offshore permafrost so 
that the least environmental damage will be done when 
natuml resources are developed. Little is known of the 
temperatures, the hydrological characteristics, and the 
sediment types that control the existence of permafrost. 
Investigations on the origin, the cause, and the dynamics 
of offshore permafrost are encouraged as a part of the 
overall need to learn more of the fragile Arctic environ­
ment. 

Polar Ocean Sciences-Objectives in the Antarctic are 

• To complete a physical and geological-geophysical 
survey of the ocean waters surrounding the Antarctic con­
tinent; 

• To determine the dynamics of formation and distri­
bution of Antarctic bottom-water, eurrents, sea-ice, at­
mospheric circulation systems, and biological productiv­
ity of the Weddell Sea; 

• To understand the physical, geological, and chemical 
oc·eanography of the Ross Sea region; and 

• To investigate air-sea interactions hy examining the 
combined heat mass and momentum transport in the 
coastal regions. 

The Southern Ocean is a largt• soun·e of thl' inter­
mediate-depth and deepwater masses that circulate 
throughout the world. ;\;utrient-rkh waters support high 
biological activity. The large, annual variation in temper­
ature and sea-iee extent exert profound effects on energy 
transfer processes. 

The seafloor around Antarctica presents fundaml'ntal 
unsoln•d problems in marine gt•ophysics. A drcum­
Antan:tk survey, hegun in 1962, is nearing t·ompletion, 
hut data analysis and some additional ship-based research 
will he eontinued. \Vedddl Sea oceanography. Ross St•a 
sediments. analysis of coastal struchart·s, and marinl' 
chemistry are to pies of spl'dal current inten•st. In addi­
tion to ship-based programs. surveillaau:e by air and the 
deploynwnt of buoys for year-round data t·ollection are 
new techniques heing explored. 

Ohjeetives in the Arctic are 
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• To increase knowled~e of Arctic water-mass intcrae­
tions, of oeeanfloor eharaeteristies, and of the Aretie 
Ocean's role in ~lohal climate; 

• To study the :'~Jansen Cordillera and its relation to 
seafloor spreadin~; and 

• To perform energy-bud~et studies of Arctic sea ice 
and observe water transp01t to isolate tit<:tors that eould 
determine the strudurt• of the Arctic sea-ice <:over. 

Areas of speeial interest are investi).tations of the f()fma­
tion, movement, heat and salt exehange, and mixing pro­
cesses of the Arctic water masses and sea ke; analyzing 
magnetie anomalies, heat-flow, sedimentary his tory. and 
gravitational data of the ocean floor; and assessin~ the 
role of the Ardic Ot·ean in ~lobal climate. Seafloor­
spreading studies on the Nansen Cordillera, a eontinua­
tion of the Mid-Atlantie Ridge into the Arctic Oeean, are 
planned, as is sediment coring. 

Polar Operations-This Seetion fi.mds lo~istics and op­
erational support at four permanent Antarctie stations and 
at field sites, aboard the research ships Hero and Islas 
Orcadas, aboard the ieebreakers, and at several sub­
Antarctic field sites. 

Operation support elements include U.S. Navy, U.S. 
Coast Guard, ~lilitary Airlift Command, Military Sealift 
Command, contractors. and other spe<:ialized units that 
may he assigned by the Department of Defense. 

The Navy, with funds provided by NSF, provides the 
largest part of the operational support. This support in­
cludes five LC-130 airt·raft and six UH-lN helicopters 
during the austral summer field season. The ~1ilitary Sea­
lift Command and the Military Airlift Command transport 
personnel and cargo between the United States and Ant­
arctica. 

The U.S. Coast Guard provides kehreaker support 
services, including logistks and marine sciences support 
in ice-covered areas that researc::h ships are unable to 
reach. 

A eontral'tor operates and maintains South Pole, Siple. 
and Palmer Stations and the Foundation's research ship 
Hero. The eontrador is responsible fi>r designing and 
construetin~ replacement scienee laboratories and sup­
port facilities and f(>r renovating and modifying existing 
facilities. 

Islas Orcadas (fcmnerly. USNS Eltanin), a 266-foot re­
search ship, operates under a cooperative arrangement 
with Argentina. Fiscal year 1978 will he the final year of 
this ship's operation under the current arrangement. 

The Operations Section provides no logistks support in 
the Arctic, although it can assist grantees in arranging 
their transportation in Greenland. 

ADVISORY GROUPS 

Tlw National At·ademy of Sciences (NAS) was estahlished 
over 100 years ago to provide advice to the government 

"upon any subject of science or [technological] art."* Tht> 
operating a~ency of the NAS, the National Researt:h 
Council (NRC), is currently structured into Assemblies 
and Commissions. Quoting from Article III, Se<.:tion I, of 
the NRC's amended (1974) Articles of Organization, "As· 
semhlies shall he concerned with furthering the ad· 
vancement of their component disciplines, and with tht> 
general ti.1rtherance of science and engineering as com­
ponents of the intellectual resources of the nation, and 
with their t·ontrihution to national life. Commissions. as 
multidisciplinary bodies, shall he concerned principally 
with those problems of the nation and society that require 
the application of a broad range of interdisciplinar~ 
knowledge in sdentific, engineering and other fields ." 

Advisory mechanisms have heen established nationally 
and internationally to provide a sense of direction for fu. 
ture programs of research on continental margins . There 
are several groups within the Commission on Natural Re· 
sources offering recommendations and advi<:e relevant to 
research on the continental margins. This Panel is within 
the Assemhly of Mathematical and Physical Scient:es 
(ArMPS), which has a number of boards and committees 
that make recommendations for research on continental 
margins . Among these are the Geophysics Research 
Board and one of its subcommittees, the U.S. 
Geodynamies Committee; the Office of Earth Scienees; 
the Committee on Seismology; the Committee on 
Geodesy; the U.S. National Committee on Gt•olo~y; the 
U.S. National Committee on Geochemistry; the Spate 
Science Board through some of its suhcommittees; and. of 
course, the Ocean Scit•nces Board (through this Pancll. 

The scientific community directly involved in 
continental-margin studies is not large, and scientists 
from this c·ommunity serve on these advisory groups. so 
there is considerable overlap in <:ommittee membership. 
Studies carried out hy these committees are usually con· 
fined to limits prescribed in their charters. Broad coor· 
dinating functions in this area are carried out by the 
Geophysics Researt·h Board, whose members are tht· 
chairmen of those Assembly hoards and committees ha,·· 
ing interests in the earth sciences. Recently, the Oflke of 
Earth Sciences has included members on its Advisory 
Committee who are concerned with the hydrosphere and 
atmosphere as well as with the solid earth. The U.S. l\a· 
tiona) Committee on Geology concerns itself mostly with 
international geology, including International Geolo~ical 
Congresses and the International Union of Geological 
Scient·es rather than domestic geological affairs . 

These committees and boards have issued a number of 
repmts that indude aspects of geophysical and geological 
research on the t·ontinental margins, but few look at the 
total picture. This situation is not surprising, as the 'pon· 
soring agencies, themselves, have limited jurisdktions. 
This situation is <:ause for eon<:ern, beeause if sources f(,r 

*From: An Act to Incorporate the National Academy of Sdenre~. 
1863. 
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funding rest•<uch follow similar jurisdictional patterns, 
opportunities for multidisciplinary research that crosses 
the ocean-continent boundary tend to he lost for lack of 
suitable avenues for support. 

:\ similar problem exists with international advisory 
bodies. The Scientific Committee on Oceanic Research 
(SCOR) ad\"ises the Intergovernmental Oceanographic 
Commission (IOC) on oceanographic matters-hut stops 
at the shoreline. Within the International Union of 
Gt•odt·s~· and Geophysics (IUGG), there are associations 
that deal with various aspects of research on continental 
margins in tenns of individual disciplines. In the Interna­
tional Union of Geological Seiences (JUGS), there are 
committees and commissions concerned, again, with as­
pects of continental margins-hut not with their fi.tll 
scope. The Inter-Union Commission on Geodynamics 
(the coordinating body for International Geodynamics 
Project) takes a problem approach, thus does concern it­
self with integrated research across continental margins. 
It transmits its concerns to member countries through na­
tional committees. 

The ;\lational Advisory Committee on Oceans and At­
mospheR• (~ACOA) was legislatively established to advise 
the President and the Congress on these matters; the 
President being advised through the Secretary of Com­
men:e. :\'ACOA does not concern itself to any great extent 
with scientific research, per se, hut it does consider re­
search in terms of national policy and the effects of thl' 
Law of the Sea negotiations, treaty, and other jurisdic­
tional uncertainties on marine research. By definition, its 
activities do not include the land portions of continental 
margins. 

Two principal bodies established to advise the Con­
gress are the Office of Technology Assessment (UTA) and 
the Congressional Research Service (CRS). OTA was 
created to examine, largely through extramural contracts, 
significant technological and governmental programs and 
to assess their problems and opportunities. UTA must 
select its projects with the approval of a hoard of 12 mem­
bers of Congress (the Technology Assessment Board); 
therefore, the political process is intimately involved in 
its work. The purpose of CRS is to respond to specific 
Congressional requests for information and polic·y 
analysis. In doing this, it sometimes anticipates poten­
tially pertinent issues. Of the approximately .500 profes­
sionals in CRS, tht>re are five geologists and nne oct>anog­
rapher holding advanced degrees. Otht>r staff members 
who handle issues of concern to geological scientists­
including energy, mining and minerals, Outer Continental 
Shelf, and deep seabed assessment-are lawyers, 
economists, physicists, biologists, chemists, and geog­
raphers. One might t>xpect that reports produced by the 
XAS/NRC committees would automatically he st•nt to per­
tinent CRS divisions so that the information and conclu­
sions would be readily available, but this does not appear 
to be the <:ase. 

This is not intended to he a comprehensive review of 
the numerous advisory mechanisms that are available hut 
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rather a sampler that suggests that existing mechanisms 
may he less than adequate for those who are eoncerned 
with scientifie resean:h on continental margins. 

INTERDISCIPLINARY PROGRAM:S 

Tlw International Geophysical Year (ICY), 19.57 -19.5B, 
gave s<:ientists an opportunity to study the floor of tlw 
world o<.:ean. These were primarily exploratory studies, 
since little was known about the st>diments, the ernst, or 
tht> mantle beneath ocean watt>rs. At the same time, the 
first standardized worldwide st'ismograph network was 
established to look at the deept•r earth . The ICY program 
established mechanisms for international <.·ommunication 
among scientists and for data t'xchanges. \Vhile not em­
phasized in the ICY programs, geologieal and geophysical 
investigations on margins were made in some parts of the 
world. 

During the early 1960's, the International Upper Man­
tle Project (U:\IP) was organized, originally along specific 
disciplinary lines. As this project proceeded. it hecanw 
apparent that the world rift system was associated with 
oeean ridges, and that, consequently, eontinental margins 
and island arcs deserved special attention. U:\IP estah­
lisht>d subcommissions to concentrate on the research 
problems and opportunities in these areas. Cmstal seis­
mic refraction and other geophysical studies were made 
on tht> eontinents and their margins, and the \Vorld-\Vide 
Standard Seismograph Network was extended to include 
these areas . 

During the U:\fP decade, the plate-tectonics model de­
veloped. This model provided a coneeptual framework 
into which could be fit the various types of eontinental 
margins-and, indeed, global geological structure. It was 
a major step that led naturally to new research directions 
promising to increase understanding of the nature and 
history of continental margins. The Deep Sea Drilling 
Project (DSDP), subsequently to heconw the International 
Program of Ocean Drilling (IPOD), was lwgun during this 
deeade. The UMP madt• major eontrihutions to our knowl­
edge of the oeean basins. Howev<'r, saf(•ty considerations 
involving open-hole drilling precludt•d drilling deep 
holes in the thiek sediments of continental margins. 

The U'-'lP was followed hy the International 
Geodynamics Project (IGP). This provided continuity for 
the communication flow (and data exchanges) begun dur­
ing ICY. Unlike ICY, which was exploratory, and UMP, 

which was initially discipline-oriented, IGP was oriented 
toward problems and processes. Its prime objective was 
to develop tlw plate-tectonics concept. This required a 
better understanding of the kinematics of the mode! and 
of the properties of and the processes acting in the earth· s 
interior. Regional working groups wNe organized to 
examine the properties of active and inactive continental 
mar~ins and, on a problem basis, to examine the driving 
mechanism of plate movement. Also in this period, the 
International Deeade of Ocean Exploration (IDOE) took 
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place. This program was desigm•d to support large-scale 
oceanography in areas rdated to societal needs. One !DOE 
prognun-Seah<>d Assessment-led to investigations of 
continental margins. For administrative, political, logis­
tie, or intellectual reasons, these investigations have been 
almost totally confined to the oeeani<: portions of conti­
nental margins and to margins other than those of the 
United States. 

Anticipating the scheduled termination of IGP, !DOE, 
and the International Program for Oecan Drilling (!POD) 
in the late 1970's, planning is under way to determine 
how, in the 1980's, to take best advantage of the potential 
challenges and opportunities. Sinct• the so<.:ietal and sei­
entific interest in eontinental margins has significantly 
increased in recent years. study of margins will figure 
strongly in planning for future work in oct•;mography. 

The International Council of Seientifk Unions 
(ICSU)-through two of its member unions, the Interna­
tional Union of Geodesy and Geophysics (IUGG) and the 
International Union of Geologieal Sciences (IUGS)-is 
currently considering a program of earth dynamics, but it 
ti>cuses upon the crust rather than the deep intt•rior. At 
the same time, ICsu's Scientific Committee on Oceanic 
Research (SCOR). together with the Committee on Marine 
Geolo~-,ry (CMG) of the lUGS, is looking at future opportuni­
ties in marine geology and geophysics research . 

~lt•anwhile, hack home, the U.S. Geodynamics Com­
mittee (usc:c) is developing a program on crustal 
dynamics that indudes studies of the evolution of eonti­
nental margins. Complementing usee's study is this 
Panel's study, sponsored by the Oeean Sciences Board of 
the National Research Council (OSB-NRC). Although this 
report is primarily oriented toward oeeanographi<: prob­
lems, it contains recommendations for research on hoth 
the land and the ocean portions of continental margins. 

The future of drilling ti.>r ocean scienee was considered 
in early 1977 by representatives from an international 
group involved in planning international programs. This 
group's document makes a strong case f(>r using ocean 
drilling to solve some of the problems of continental mar­
gins. Meanwhile, the Committc·e on Solid Earth Seiences 
of the Fedt·ral Coordinating Council on Scienee, En­
gineering, and Technology (FCCSET) has produced a re­
port (April 1977) containing ways to implement a program 
of land drilling based on the scientific ohjectivt's set forth 
in the report, Continental Drilling (E. M. Shoemaker, 
editor, published by the Carnegie Institution of 
Washington in june 1975). 

So mll(:h ti>r current and proposed scientific programs 
that deal with the gt•ology and geophysics of continental 
margins. We did not indude studies related to resource 
evaluation or utilization carried out by the NAS/NAEINRC, 
government agencies, or industries. \Ve described the 
framework in which geological and geophysical investi­
gations of continental margins have been carrit'd out or 
coordinated in the past and sonw of the mechanisms 
through which plans for future studit's are being devel­
oped. It \vas significant in the trt'ml of thinking that the 

Committee on Solid Earth Sciences, created under 
FCCSET, explicitly considered that the scope of its ac· 
tivities induded all solid-earth investigations wht'tht·r 
under the continents or under the oceans. Followin~t 
further reorganization in 1978, the status of this commit­
tee has become informal. 

MARINE RESEARCH IN CANADA 

The lonna! and informal organization of the earth sci­
ences in Canada is rather different from that in the United 
States beeause the dominant activities are differt'nt. The 
difteretK·es arise from a variety of ohvious causes. For 
example, Canada has 0.2 square mile of landmass IX'r 
person; the United States has only 0.015. Whatever the 
causes, there are several effects: 

1. Canadians emphasize land geology, because tht•y 
earn money from land-based resources. Conse<JIIently. 
enthusiasm f(>r direct participation in a project like IPOD b 
limited to a relatively small number of individuals. 

2. There are effectively no private universities in 
Canada. With a few significant exceptions, such as the 
Department of Oceanography at Dalhousie Unh·ersity, 
university geology or geophysical departments have suh­
stantial undergraduate programs. These programs allow 
relatively little time tor research with graduate stHdt•nts 
and by the professors themselves. Thus, probably mon.· 
attention is paid to the needs of the students than in man~· 
of the U.S. institutions. The price paid for this is a rela­
tively smaller research output. 

3. There are no "private" oceanographic institutions 
like Woods Hole. All marine research is done by gowm· 
ment agencies (which usually have rather specific tasks) 
or by universities. 

4. Much industry is foreign branch-plant industry, and 
this industry does, etle<:tively, no or very little research as 
such in Canada. However, industry has, in contrast with 
the United States, drilled a large number of wells ofT east­
ern Canada, and these wells have become a very valuable 
research resouree. 

5. The t·ommunity of scientists is relatively small. 
which has obvious advantages, but it also makes it easy 
for science to become inbred. Recently, this inbreedin~ot 
tendency has been aggravated by the restriction of trawl 
funds, which titrther limits the opportunity ·for Canadian 
scientists to keep in t·ontact with their colleagues abroad. 

Canadian government departments cmH:erned with 
marine research are the Departments of Energy, ~lines 
and Resources; Environment; Transport; 1"\ational De­
fence; and Fisheries and the Canadian National Resean:h 
Council. In addition, most of the provinces have their 
own Departments of Mines (or their equivalents) and Pro­
vincial Research Councils. 

Federal earth science activities are under the adminis­
tration of the Minister or an Assistant Deputy Minister. In 
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the Department of Energy, ~,.lines and Resources, there 
are several departments concerned with the earth sd­
en<:es: the Geological Survey of Canada, the Earth 
Physks Branch, the Polar Continental Shelf. the Canada 
Centre for Remote Sensing, the surveys and mapping 
Brant·h, the ~lines Brandl, the Explosives Branch, and 
\mious advisers. 

Federal research activities in the earth sl'iences in 
Canada are largely mission-oriented and are foeused on 
specific tasks. This has the effect that some important sur­
,·eying tasks are done with dispatch. The land geology in 
the Canadian Arctic has heen mapped mut·h more sys­
tematieally than in the United States. Canada. some years 
ago, produced an aeromagnetic map of the eountry, a 
project about which the United States is still ddntting. 
Suhsurface studies trying to incorporate the results of in­
dust!)' drilling are quite common in the Canadian Survey. 
The eharter of the Canadian Geologieal Survey differs 
somewhat from the charter of the uses in that the Cana­
dian Survey has a mission acth·ely to lead the way in the 
resource development of the eountry, a task they per­
fonned splendidly with their early reconnaissance map­
ping in the Arc·tic. It paved the way for industry explora­
tion in that area. 

There are se,·eral nongovernmental (or quasi­
governmental institutions) in Canada. These include (1) 
the Science Council, which advises the federal govern­
ment and the scientific community; (2) the Association of 
S<:ientifk and Technologic Societies (SCITEC), which tries 
to get scientists to speak with one voice; (3) the Royal 
Society of Canada, to he viewed as an Academy; and (4) 
the Canadian Geoseienee Council, an umbrella of earth 
societies, which tries to get earth scientists to speak with 
one voice. These societies include the Geological Assoei­
ation of Canada, the Canadian Geophysical Llnion. the 
Canadian Society for Petroleum Geologists, the Well 
Drillers Association, and the Canadian Society f()r Explo­
ration Geophysics. 

Finally, there is the :"\ational Research Coundl, with its 
laboratories in Ottawa and outside Ottawa (i.e., the Atlan­
tk- Regional Laboratory). The ~RC has been the main 
fimding agency for research in Canadian universities, hut 
recently this funding role has been taken away from :-.:Rc 
and given to a new Natural Science and Enginet·ring Re­
s(•arch Council. 

There are two main federally funded oceanographic 
complexes. (1) Bedford Institute of Oceanography, whi<:h 
is fonned from several laboratories: Atlantic Geoscience 
Centre (Geologi<:al Smvey of Canada); Marine Ecology 
Laboratory; Atlantic Oceanography Laboratory; Canadian 
Hydrographic Service Regional Office; Institute Facil­
ities. These laboratories cover rocks, biological matters 
(t·specially fish), physical and chemi<:al oct•anography, 
charting, and ships. (2) Patrieia Bay Institute of Ocean 
Scienees, Vancouver Island; this is de,·eloping in a simi­
lar way. The principal universities engaged in marine re­
search are Dalhousie University, Halifax, :'\~ova Scotia; 
~lcGill University and a number of other Quebec unh·cr-
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sities such as thl• University of Quebec at Rimouski; Uni­
versity of British Columbia. 

From all this, there emerges a pi<:ture of a strongly 
mission-oriented effort in oceanography. Canada's gov­
ernment, uni\'ersity, and industry al'th·ities on the conti­
nental margins comment·ed in the early 1960's and ex­
panded to the prt>sent le\'el in tlw late 1960's and early 
1970's. Two main government laboratories, on the east 
and west coasts, pro,· ide ships not only f(>r their own work 
but also lor university programs. These lahomtories to­
gether ha,·e about 60 scientists (at the MSc and PhD 
levels) plus a large numher of support staii These are 
nt>ar and cooperatt• closely with major univ<:>rsities that 
have active programs in marine geology and geophysics. 
Because Canadian ocemwgraphi<: ships (•onct•ntrate their 
efforts in Canadian waters, most of the programs are at the 
moment directly connel'ted with the continental margin. 
Canada has also c·ontrihuted to drilling in young oceani<: 
crust (DSDP and other projects). 

Industrial a<:tidty has het•n li>cused on the eastern con­
tinental margin, in the ~!<:Kenzie Delta, and in the Cana­
dian Arctic Islands. The total activity has decreased in the 
past two years hecausl' of the fililure to discover signifi­
cant petroleum deposits off eastern Canada. with the pos­
sible <:>xception of the Labrador Shelf. 

An interesting sidelight is the a<:tivity of the Ad Hoc 
Advisory Committee (AHAC) to the Geological Sttrvey of 
Canada. Following the suggestion of the Geological Sm­
vcy of Canada, the Canadian Geoscience Council agreed 
to fonn an ad /we committee to review the a<:tivities of the 
Gt•ologieal Sur\'ey. The AHAC will report din·<:tly to the 
appropriate Assistant Deputy \linister (ADM). The t·om­
positinn of the committee re\'eals the representati\'e na­
ture of the review, consisting as it does of representatives 
from unh·ersity, petroleum industry, mineral industl)·, 
geological engitwering industry. and provincial gO\·ern­
ment. In its first year of operation (1976-1977) the com­
mittee visited all hut two of the dh·isions of the Geologi­
cal Smvey and met with nearly all its management and 
half of its research sdt•ntists. Rt•ports wt•re produl·ed fi)r 
each Division, and a consolidated report was st•nt to the 
Assistant Deputy Minister responsible f()r the Geological 
Surn•y. 

The committt•e may prove valuable in two ways. First, 
it will provide specific and well-informed comments on 
what is right-or what is wrong. Second, tlw (•ommitt<·<· 
will lwconw knowledgeable about the GSC and, under­
standing its m·crall problems, he able to aid in the general 
proc·ess of getting earth sl'it•ntists in Canada to work to­
gl'lher. 

In eomparing Canadian efforts with U.S. elli)rts. several 
aspects are noteworthy: 

l. Bec·ause of lin·orahle offshore regulations. industry 
aggressh·ely pursued the exploration for hydroearbons 
during the last 1.5 years. Unli>rtunately-with the possi­
hll• exception of the \laekenzie Delta and tlw Lahrador 
Shelf-no major reserves were found. Nevertheless, it is 
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fair to say that. as a consequence, Canadian continental 
margins are f~tr better known than U.S. continental mar­
gins. Sensible regulations provided fc>r release of the 
geological results of exploration wells, some 2 years after 
they were drilled; however, seismic work is not released. 
Prolmhly the most outstanding fitd is that on the Cana­
dian Atlantic shelf there luwe !wen some 200 wells 
drilled f(H petroleum exploration, while so fin nom• have 
been drilled on the U.S. Atlantic shelf. (The three COST 

tests being essentially stratigraphic tests.)• 
2. The prohlt>m of coordination and <.·ommtmications 

between various oceanographic missions was resolved 
with the creation of occanographie complexes at the t•ast 
coast and the west coast. Presumably, the physkal eon­
cenh·ation of ditl'ering mission-oriented go\·ermnent ef­
forts in a single complex has the advantage of preserving 
the integrity of the missions, while, at the same time, 
fitdlitating coordination through commtmication on the 
working level. 

3 . Because the main sources of funds have been with 
mission-oriented government departments, most of the 
work has been done in a "surveying" mode. In other 
words, the accent \vas more on <.·overage than on 
problem-solving. It would appear that some of the cre­
ative ex<:itt>ment inherent in the multiplidty of U.S. 
academic approaches is missing in Canada. Thus, the ef~ 
fkient an·unntlation of knowledge in Canada is not ac­
companied with corresponding debates about that 
knowledge . And so, Canada offers an t•xample of 
continental-margin studies with little creative flavoring 
from academe. 

The future of Canadian geologi<:al-geophysi<.·al re­
search on continental margins can be seen only through a 
rather cloudy crystal hall, hut the following seems a rea­
sonable set of predictions for the next five years : 

1. There will be little or no expansion in the number of 
people or funding of projects for continental-margin re­
search either in government or in universitit•s . 

2. Industry will not provide any major input to 
continental-margin research, mainly because of the na­
htre of Canada's "branch-plant" economy. However, the 
Canadian-owned oil company, PETROCAN, is likely to ex­
pam) its operations in IWtroleum geology. 

3. Individuals or groups of scientists will make more 
eflc>rts to participate in international resl·arch projects . 

4. There will he more cooperative programs between 
government, universities, and small Canadian-owned in­
dustries to develop technology that can he manulitetured 
and sold by Canadian companies (e.g., the HU]I;TEC Proj­
ect's development of a high-resolution, deep-tow seismic 
system for engineering studies). 

5. There will be more attention to the nearshore envi-

•This picture has changed during 1978 by the drilling of a lim­
ited number of essentially unsuccessful wells in the Baltimore 
Canyon area. 

romnent, with a view to developing tidal power and to 
tackling environmental problems that may arise if tht­
pipelines are built. 

6. There will be an extensive attack on problems on 

Arctic continental margins. 

THE LAW OF THE SEA AND SCIENTIFIC 
RESEARCH 

In 1968, Arvid Pardo, the Ambassador from Malta to the 
United i\ations. proposed to the UN General Asst•mhly 
that the seabed and its resources "beyond the limits of 
present national jmisdiction" should be declared tht­
commorJ heritage of humanity. In response to that t·all, 
the UN began to work out a set of principles to govern 
seabed-related activities, procedures for negotiating a 
treaty for a ne\v international regime, and mechanisms for 
managing and administering the resources of the det-p 
seabeds for the common heritage of humanity. 

On March 8, 1968, the President of the United States 
proposed "an historic and unprecedented adventure-an 
International Decade of Ocean Exploration li>r the 
1970's." In December 1968, the UN General Assemhly 
endorsed "the concept of an international decade of 
ocean exploration to he undertaken within the framework 
of a long-term programme of research and explora­
tion .. . . " In 1971, a treaty prohibiting the empla<.·emt•nt 
of nuclear weapons and other weapons of mass destmc­
tion in the seabed was signed. In 1973, the present Con­
ference on the Law of the Sea commenced. One of the 
important issues selt>ded for inclusion in that <.·harter was 
marine scientific research . 

To date, the Conference has held seven sessions (7\ew 
York, Decembl:'r 1973; Caracas, summer 1974; Gene\a. 
spring 1975; New York, spring 1976, summer 1976, and 
summer 1977; the seventh session was held in Geneva. 
spring 1978, and resumed its work in New York, sumnwr 
1978). The eighth session will be held in Gene,·a in 
spring 1979. As this Panel's concern is the question of 
seientifk research on the continental margins, we will 
discuss only those aspects that are relevant to su<.·h ques­
tions. 

Before dealing with specifics, ho\vever, we believe that 
it is important that the reader gain some insight into the 
political and economic pressures under which dedsions 
are b~ing made. These are in part reflected by a summary 
by E . Mann Borgese ( 1977): 

It is evident . . . that progress has not been linear. The law of 
the sea is heing shaped by a host of contradic-tions, by the dialt'<' 
tical interaction of nationalist and internationalist trends. dasht>> 
of personalities, perceived interests and teehnologk·al impera· 
tin•s and, of course, hy the law (and lawlessness) of the land. 

Borgese continues: 

The dialeetk hetween nationalism and internationalism oper· 
ates in curious ways. We have seen how the attempt to prott>Ct 
the common heritage of mankind through a moratorium may 
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han· al..'<.'t-lerated nationalistic expansiveness. According to many 
uhsc.-rvers, the unilateral assertion of national claims to a two 
hundred-mile fishery of"exclusivt- et·<momk zone" -an escalat­
ing proct-ss characterizing the period between the fifth and sixth 
sc.-ssion of the United Nations Law of the Sea Conference-may 
undermine the authority of the Conference by confirming the 
thesis that the primary source of international laws is state pra<.·­
ti~e . 

Seen from the outside, it is indeed a curious spectacle 
to watch developing nations first enthusiastically t•m­
brnce the concept of a common heritage and then take 
an adive role in appropriating that very heritage to them­
~eh·es through declarations of exclusive economic zones. 
:\s of September 1977, the situation was as follows: Ap­
proximately 51 states <:laimed jurisdiction over 200-
nautical-mile maritime zones. Approximately 36 nations 
claimed (expressly stated or implied) direct or indirect 
jurisdiction over scientific research within these zones, 
including 14 territorial seas (Argentina. Benin, Brazil, 
Ecuador, El Salvador, Ghana, Guinea, Liberia, Panama, 
Peru, Sierra Leone, Somalia, Togo, and Uruguay); 20 
economic zones (Bangladesh, Burma, Comoros, Cuba, 
Dominican Republic, Guatemala, Guyana, Haiti, India, 
~laldives, Mauritius, Mexico, }..lozambique, New Zea­
land, Pakistan, Portugal, Senegal, Seychelles, Sri Lanka, 
and Vietnam); and two fishing zones (~orway and an un­
oftkial statement of Franl·e, but not specifically men­
tioned in French law). 

As of June 15, 1978, approximately 66 states claimed 
jurisdiction over a 200-nautical-mile zone. Twenty-seven 
states clearly claim jurisdiction over marine scientific re­
sean:h; 9 more states could exert control over marine sci­
entific research under the conventional rights of exdu­
sive jurisdiction within the territorial sea; and presuma­
bly, 15more states can daim direct or indired jurisdiction 
on·r marine scientific research within their 200-mile 
zones. The rough breakdown of those states that may or 
actually do claim jurisdiction over marine scientifk re­
search is as follows: 

(a) The actual law or decrees specifically cover 
marine scientific research (27 states): Argentina, the 
Bahamas, Barbados, Brazil, Burma, Cape Verde, Cuba, 
Dominican Republic, Equador, Guatemala, Guyana, In­
dia, Ivory Coast, Japan, Maldives, Mauritius, Mexico, 
:'\ew Zealand, Norway, Pakistan, Peru, Portugal, Sey­
chelles, Sri Lanka, Uruguay, Vietnam, and Yemen, Aden. 

(b) Although not specifically stated, it can be assumed 
that jurisdiction applies to marine scientific research 
under the conventional rights of exclusive jurisdiction 
within the territorial sea (9 states): Benin, Congo, El Sal­
vador, Ghana, Guinea, Liberia, Panama, Sierra Leone, 
and Somalia. 

(<:) Where jurisdiction applies to "activities" related to 
fisheries or living and nonliving natural resources within 
the maritime zone, then it can be assumed that the juris­
diction covers marine scientific research where it impacts 
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on the fisheries or natural resonrces (15 states): Angola, 
Bangladesh, Canada, Chile, Comoros, Fran<:e, German 
Democratic Republic, Haiti. Iceland. North Korea, 
Mozambi<1ue, Nicaragua, Poland, Senegal, and Togo. 

Figure 3 shows that the 200-mile belt, fill· all practical 
purposes, includes most continental margins of the world 
It appears likely that as a result of the Law of the Sea 
negotiations, 12 miles will be established as the breadth 
of the territorial sea. The resource zone in which l·oastal 
states will exercise jurisdiction over living and nonliving 
resoun:es, as well as for other specific purposes, will ex­
tend to 200 miles beyond the baseline from which the 
breadth of the territorial sea is measured. 

It is now dear that some fonn of consent regime for 
research will be included in a Law of the Sea treaty for 
the area extending seaward to 200 nautical miles and in­
cluding the continental shelves, although the details are 
still under discussion. We concur with the :"~;AS position 
that the Law of the Sea he modified "to establish the right 
to conduct all research beyond the territorial sea (except 
for carefully specific and limited types)." We also l·om·ur 
with the original U.S. position that marine scientific re­
search within the exclusive economic zone should fulfill 
the following obligations fill· sl·ientific research: (1) ad­
vance notification, (2) participation, (3) data sharing. (4) 
assistance in data interpretation, (5) open publication, (6) 
compliance with environmental standards, and (7) flag­
state l·ertification. 

At the Caracas session of the Law of the Sea negotia­
tions, four alternative texts emerged. One, endorsed 
largely by developing countries, required consent fi>r the 
conduct of all research within the economic zone and 
would require marine scientific rest•arch conducted in 
the international seabed area to be either conducted di­
rectly by the International Seabed Authority or through 
service contracts with the Authority. This was the most 
restrictive approach. The second, a U.S. position, pro­
posed that consent would be required in the territorial 
sea, while in areas beyond the territorial sea where the 
coastal state would have resource rights, a series of obli­
gations would be placed on all indh·iduals and agencies 
concluding marine scientific research. A third text recog­
nized the right to freely conduc·t marine scientific rt·­
search within the economic zone and beyond. with the 
exception of research con,·erned with the exploration and 
exploitation of living and nonliving resources. The fourth 
text would require l·oastal state consent before scientific 
research could be conducted in the economk zone, hut 
that the coastal state shall not normally withhold consent 
when the requesting state fulfills a series of obligations. 

During the Geneva session of the Law of the Sea 
negotiations, another position emerged as a possible area 
of compromise: that consent would be needed to conduct 
research related to resources, hut that only fulfillment of 
the eight obligations was necessary f()f research not so 
related. While that approach has some commendable 
points, the obvious drawback is to substantiate the dis-
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tinction lwtween resoun:e-related research and research 
unrelated to resources. 

The negotiations, however, did not stop at that point. 
They have moved tlw tt•:-.t much closer to a total consent 
regime. llnder the now-existing form, the text (which is 
not tina)) states that a coastal state, in the exercise of its 
jurisdiction, has the right to regulate, authorize, and con­
dud marine scientific research in the exclusive eeonomic 
zone and on the continental shelf. Research undertaken 
there is subject to the l·oastal state's consent; howt•ver. 
this consent shall be granted "in nonnal t'ircumstances." 
Coastal states may, at their discretion, withhold this con­
sent \vhen the research (a) is of direl't significance fi>r the 
t>xplomtion and expoitation of natural resources; (h) in­
volves drilling into the continental shelf, the use of explo­
sin·s, or the introduction of harmful substances; or (c) 
involvt's the construction and use of artificial installa­
tions. Consent may also he withheld if tht' proposal for 
the projt•d is believed to he inaccurate or if the research­
ing state has outstanding objections (e.g., assessment of 
data or data-sharing) to the coastal state from a prior re­
search project. There is also an implied (tacit) consent 
provision whereby, if the coastal state does not respond to 
a request within fi:JIIr months, the research may begin six 
months from the date upon ,..,·hich the requisite infonna­
tion was provided to that state. There is, in addition, a 
ne\v Article making consent unnecessary for research 
undertaken hy a regional or global organization if the 
coastal state in whose zont•, or upon whose shelf: the re­
sean:h is to he done appron•s the proposed project or is 
willing to participate in it. In such a case, notification 
alone is required. 

The problem li>r the researcher has become magnified 
in the light of U.S. funding practices in recent years. In 
the past five years or so, most of the substantial research 
on U.S. continental margins was justified on the basis of 
its practical importance, i.e., resource evaluation and con­
cerns for environmental conditions. Such justification 
gave mission-oriented government agencies a dominant 
role to play in continental-margin activities. Increasing 
pressure to demonstrate the social relevance of scientific 
resean:h caused university scientists to submit proposals 
containing rhetoric extolling the potential social impact 
(i.e., the application ot: or societal need for, the project). 
Adding another layer to the problem, the Seabed assess­
ment Program of the International Decade of Ocean Ex­
plomtion was a program designed to aim directly at re­
source evaluation. The distinction between research li>r 
sciem:e and research condueted to evaluate resources he­
came blurred. 

Because of the emphasis placed on justifying research 
as having significance tor resource evaluation, great strain 
may he placed on the credibility of the researcher if he 
proposes to do similar work on foreign margins, claiming 
it to he "pnrc" scientific research-that is, research that 
does not have dire<:! significance for resour(·e evaluation. 
Although the difference between "prospecting" and "sci­
entific research" is fairly well known, both types of re-

St'arch are often engaged in the same generic activitie~. 
The tactics of execution vary widely between the two 
because of the differing problem definition. In prosped· 
ing, one systematically narrows down on a prospect; in 
scientific research, one focuses on geology that is not 
adecJimtely understood. The problem for the foreign 
bureaucrat remains the same: how to judge the pmject 
before it is earried out. 

One possible answer may he to convince foreign skep­
tics that lJ .S. academic institutions are not implicitly in· 
terested in prospecting, that their interest is to contribute 
to the understanding of principles related to resources 
and the environment. Such research activities (•ould he 
termed, "conceptual resource evaluation." Here again, 
perfom1ance would he the test. Much credibility could he 
gained hy having a strong academic domestic scientific 
research program on U.S. continental margins. 

There is another aspect of the Law of the Sea that in­
volves the use of scientific research and that is of direct 
interest to users of continental margins. According to thr 
present version of the negotiating text, the continental 
shelf is defined as the area of the seabed and subsoil that 
extends beyond the territorial sea throughout the natmal 
prolongation of the land to the outer edge of the margin, 
or to a distance of 200 nautical miles if the margin doe\ 
not naturally extend that far. However, the precise debate 
centers upon the so-called "Irish formula," which pro­
poses to a two-part test. The coastal state would be able to 
delimit the outer edge of the margin by a series of short, 
straight lines placed at a distance of 60 miles from the foot 
of the margin, or, if it prefers, it can place thost• lines at a 
point where the depth of sediments does not exceed ont> 
peocent of the distance from the foot of the margin. Thm. 
under the optional sediment test, if a coastal state wishe' 
to draw its lines at 100 kilometers from the !iJOt of the 
margin, it must demonstrate that the sediment is at least I 
kilometer in thickness at that point. 

This dual fonnula has been roundly criticized from a 
scientific point of view, but it is a compromise between 
those broad-margin states that seek to enclose the "last 
grain of sand" and others that wish to place some discreet 
limit on the extension ·of national jurisdiction over the 
shelf. This item will receive fmther attention in the ne\t 

session. 
At this stage, however, it is apparent that most den·lnp­

ing countries, as well as the Soviet Union, are not in­
dined toward compromises. The ultimate result may well 
be a fimn of consent regime. In that case, scientists will 
have to consider if they want to support ratifieation of a 
treaty containing provisions such as those in the present 
text. 

In conclusion, it is our judgment that exclush·e eco­

nomic zones are here to stay, whether or not a new Law of 
the Sea treaty is concluded. State practice may han· al­
ready preempted that negotiation. Consequently, work on 
foreign continental margins will become the subject of 
bilateral, regional, or global negotiations over the precisr 
manner in which marine scientific resean.:h will relate to 
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the wastal state and how it will be condueted. Many of 
the nations insisting on consent have been working con­
strm:tively with industry and contradors frmn the United 
States and other nations to ohtain information regarding 
tllt'ir own continl'ntal margins. 

The t·hallenge fi1r U.S. oceanographic institutions is to 
demonstrate that thl'y are capable of adding that extra 
dimension that differs fi-0111 prospecting for resources hut 
that will ll'ad to understanding principles goveming the 
limnation and evolution of continental margins . Judging 
from past contributions from academe, we han• full con­
tldem:e in the resilience of our oceanographic institutions 
and the international oceanographic community to de­
,·elop scientifkally creati\·e transnational programs on 
li1reign continental margins. 
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APPENDIX 

B.l 
Advances in Geophysical Methods 
for the 
Detection of Hydrocarbons 

CARL H. SA VIT 

INTRODUCTION 

For many years I have been privileged to meet and confer 
with the highly skilled earth scientists of your progressh·e 
and well-staRed oil and gas organizations. From the na­
ture and contents of our diseussions, I must condnde that 
yon are all well aequainted with the past, present, and 
prohahlt.· fi1tme advanees in the profession, which we 
share. It would, therdin·e, be somewhat presumptuous on 
my part to attempt to deliver an address hased on the 
eoncept that l am oflering knowledge and infonnation 
that is not aln·ady known to yon. 

Instead, this paper will lw devott>d to my personal 
dews of the ways in which progress is made in gt>ophysi­
eal exploration. Within this framework I will attempt to 
deserihe the present situation and, from that point, to 
project our fnturt• enurse for the next deeade or two. Be­
eause negative prt>dictions, even from the grt•atest scit•n­
tists. usually turn out to be spectaeularly wrong, I will 
makt' no statements about what we eannot do. I will also 
refrain from estimating the time it will take to aehien· any 

This paper was originally presented in Spanish to the 25th meet­
ing of .-\RPE!. (Association for Reciprocal Assistance among Latin 
American State Oil Companies), Santa Cruz, Bolivia, July 27, 
1976. 
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partit'ular level of advance because such time estimatt•s 
have also generally heen quite wrong. Times to realize 
technical advances depend only to a minor extent on 
technical eonsiderations hut instead are largely depen­
dent on political, social. or eeonomie faetors. 

HOW ADVANCES HAVE BEEN MADE 

Now that I have finished telling you what I do not intend 
to say, I can begin with what I am going to talk about­
how advances have been realized in geophysit·al explora­
tion lilr hydroearbons. 

At present, more than 90 percent of the expenditures lilf 
petroleum geophysics are devoted to the reflection st+•­
mk- method. Because there does not at present seem to ht· 
any advance in other methods that might tend to decrt·a~e 
the share of reflection seismic activities in the worldwide 
exploration hudget, we will devote this dis<.·ussion en­
tirely to advanees in refledion seismic explomtion. 

Late in the year 1917, a proposal was puhlisht•d 
suggesting that acousti<..· waves should be introdut'ed into 
the earth in order that information could be obtained 
ahout what was in the earth from reflections of those 
acoustic W<l\'es. That proposal was the text of a Vnited 
States of America patent issued to Reginald Fessenden. 
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who had applied for it in January of that same year. 
It was, however, not until 1926 that J . C . Karcher took 

the first reflection seismograph crew into the field and 
adually recorded reflections from underground strata. 
Twelve more years passed before the n11mber of reflec­
tion seismograph l'rews operating throughout the world 
rt•ached 200. 

The point I want to make is that the advance in hy­
drocarbon exploration represented by the reflection seis­
mograph did not comprise a single, easily identified, par­
til·ular event. One man conceived the basic idea. It took 
almost a year for that idea to be published. Eight more 
years passed before another man had made the idea into a 
concrete reality and proved that the idt>a worked. Finally, 
it took another 14 years before eno11gh pt>ople were using 
the idea to have a major influence on an entire industry. 

As a matter of fact, 20 to 25 years for a completely new 
idea to mature into widespread use is quite a short period 
as these tliings go. Only in time of war co11ld we expect a 
mtK·h shorter interval. 

Let us retum to reflection seismic prospecting and look 
at the introduction of new developments and im­
provements. The time interval between the conl·eption of 
an idea and its widespread use may he m11<:h shorter than 
20 years, but it is, nevertheless, longer than we would like 
to believe. 

Digital recording and processing of reflection seismic 
data was proposed in the early 1950's. The first report of 
the actual deconvolution of a seismic wavelet in the files 
of the Western Geophysical research department is dated 
1952. Henry Salvatori. then president of Western, in his 
report on advances in seismograph prospecting at the 
World Peh·oleum Congress in Rome in I 955, suggested 
that the best method f(Jr recording seismic data in the 
field would he digital. He also pointed out that such a 
recording co11ld he used as direct inp11t to a digital com­
puter. The report had been written in 1954 in order to he 
available for publication in time for the Congress. It was 
about 8 years later that digital field rel·ording was intro­
duced on a few field crews, and by 1970 there were 
enough digital units in the field to represent widespread 
use. It seems that any improvement requiring the build­
ing of a large number of complex pieces of machinery still 
takes much time. 

At this point I must interject the observation that the 
speeds of the introd11ction of new developments that I am 
discussing apply only to tlw nations outside the Eastern 
Bloc. In the Eastern Bloc new developments are usually 
scheduled only in accordance with a master plan based on 
social and politkal as well as economic considerations. 
Their rates of development do not, therefore, result from 
the interplay of natural economic and technical f(>rces. A 
single example will illustrate the point. In the Soviet 
Union, at present, nearly all seismic-reflection crews re­
cord analog data only. Only a very few crt•ws are 
equipped with digital recorders, in contrast to the west­
ern world in which conversion to digital is now essen­
tially complete. 
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Even where the production and distribution of large 
quantities of new machinery are not involved, a substan­
tial amount of time is 11sually req11ired before a new idea 
has a sufficiently wide distribution and sufficiently wide 
acceptance to have a substantial effe<:t on an industry. A 
recent case in point is the introduetion of the so-called 
"bright-spot" technique as a direct indicator of the pres­
ence of natural gas, either alone or associated with petro­
leum. The idea that seismic reflections from sands satH­
rated with hydrocarbons might be stronger than reflec­
tions from the adjacent nonpetrolifcrous formation first 
appeared in a paper that I p11blished in Geophusics in 
I 960. Results of experimental work that had been done in 
the previous two years demonstrated that at least in two 
cases reflections from a given zone \vere stronger where 
the zone supported commercial production than where 
the same zone was dry. The results presented were em­
pirical. No theory was offered to support them. 

\Vithin the next two years, however, publications ap­
peared in the Soviet Union giving the reSII)ts of theoreti­
cal analyses of reflection coeflkients under a ,·ariety of 
conditions. The results dearly demonstrated that a gas­
saturated, poorly cemented sandstone should produce an 
unusually strong reflection. A whole sul·cession of paJ>t>rs 
appeared in diflerent publications reinforcing the general 
idea that the amplitudes of seismic reflections could he 
diagnostic of the presence of hydrocarbons. 

What happened next is not contained in the public rec­
ord. \\'e do know, howe,·er, that in tlw late I 960' s one 
major international oil company began using the bright­
spot technic1ue. That company was sufficiently l'otl\'inced 
of the techniqm·'s efficacy to acquire drilling rights and to 
drill wells based on the results. By the 1970's, another 
company had also discovered and lwgun to use the tech­
nique. Finally, in 1972. an independent consultant group, 
founded hy a man who had left the sel·ond oil company, 
began advising the use of the bright-spot technique to its 
dients. 

By January of 1973. seismic-data-processing companies 
were being asked to carry out processing in such a way as 
to preserve amplitude relationships among reflections. 
!\I any of these processing companies \VCre unable to do so 
bel·ause their comp11ter programs operated in ~uch a way 
as to remove indications of reflection signal strength at 
the very first stage of the processing sequence. They used 
programs that had the same efleet as the old ;malo!! au­
tomatic vol11me eontrols. The remainder of their proeess­
ing programs were of the fixed-point type and. henee, 
could not effecti vcly deal with and preserve the 
amplitude infonnation neeessary for the operation of the 
bright-spot method. 

A few of ns had faith in the theory and in the earlier 
results, so we had arranl-(ed our programs to preserve rela­
tive amplitude values. Those organizations that had the 
appropriate programs were able immediately to proeess 
data f(Jr bright-spot analysis, but a full year or moR' passed 
hef(m· the ability to proeess fiJr bright spots became gen­
erally <Wailahle in the industry. 
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Here again, a long period of time passed he fore an idea 
went through the necessary stages to have a major influ­
ence on operations in general. Fourteen or fifteen years 
fi·01n idea to general practice does not seem to he unusual. 

WHY WE HAVE DELAYS 

~lany of us, especially when we were young, have been 
impatient with the delays that we experience in the real 
world. It is easy to assume that new ideas are not adopted 
he<:ause of human resistance to new ideas, stupidity. a 
desire to protect vested rights or painfully acquired 
knowledge and skills, or other evil h1ctors. 

In reality, a large number of reasons can he fimnd, all 
perfectly sensible, why delays are inherent in the process 
of introduction of innovation into industry. One of the 
prime rt:"asuns has already heen mentioned in passing. 
That reason is the substantial time required for the de­
sign. testing, construction, and distribution of compli­
cated and expensive machinery. It is also quite reason­
able to delay the replacement of expensive machinery hy 
newer mm:hinery until one is c1uite certain that the results 
will he sufficiently improved to compensate for the 
throwing away of the still useful old equipment. Perhaps 
the old equipment can still produce results that are good 
enough for the purposes of the user. 

A second and somewhat analogous delay is the time 
required first to discover how to operate the new equip­
ment or tedmic1ue and to use the results produced and 
then to teach a large numht:"r of people to be builders, 
operators, ami, above all, users of the new methods. 

Victor Hugo said: "Greater than the tread of mighty 
armies is an idea whose time has come." This saying ex­
presses in a simple way the concept that an idt:"a must 
have the proper environment to grow, flourish, and he 
accepted. In geophysical exploration, all the circum­
stances must he right fi>r the success of a new develop­
ment. First, of course, the gene ral state of man's knowl­
edge must he such that the idea itself can he built out of 
existing parts. Not only do the separate conce pts of which 
the idea is huilt have to exist, but there must also e xist a 
need fin· the idea. That is, there must be a problem to he 
solved or a difficulty to be overcome. 

The great Sir Isaac :-.;ewton expressed his appreciation 
lor those who had come before him and established the 
fimndations upon which his ideas were based when he 
said: "If I have seen a little farther than others, it is he­
cause I have stood on the shoulders of giants ." Indeed, 
the calculus could not have bet•n invent<.•d hefi>r<' Des­
cartes inve nt<'d analytic geometry, nor could the three 
laws of motion have been fonnulated in the absence of 
Kepler' s empirically discovered laws of planetary motion. 

In reflection seismology, the primary factors that de­
tennint.• whether an idea can he made to work are the 
general lew·ls of instrume nt technology and the relative 
difficulty of finding oil and gas . The basic ideas for im­
provement are li1r ahead of the instruments to carry them 

out. Fessenden's 1917 idea could not have been turned 
into a useful tool bt•fore the invention of the vaetmm-tuhe 
amplifier. 1\:o one would have needed a powerful oil­
finding tool hef(>re the automobile became popular and 
neated a great demand for fitel. 

Once created, the \vorldwide demand for lite! has in­
creased continuously year after year. Today, the demand 
for hydrocarbon fuel and for ever more powerful geophys­
ical techni<jues to lind that fuel is greater than ever he­
fore. Every successlitlnew technique results in a spurt of 
discoveries, hut soon afterwards, the number of barrels 
found per seismograph crew month be gins to decline. 
The demand lor 1ww developments appears insatiable. 

The dominating reason that implementation of digit1l 
recording of reflt't'tion seismic data was delayed until the 
early 1960's is that the necessary instmments and compc>­
nents did not lwconw available until then. The bright­
spot technique could not easily be carried out until digital 
electronic circuits became fast enough to follow rapid 
<.·hanges in signal amplitudes in each of the dozens of 
channels of seismic data customarily re<.·onled. Anotlwr 
goveming factor v .. ·as the availability of digital computers 
able to process floating-point data rapidly and inexpen­
sively. To have carried out the programs needed to pro­
duce seismic record sections in which relativt:' amplitudes 
are preserved with computers available in 1965 would 
have been prohihitively expensive. \Vith computers gen­
erally available today, such processing is hardly more ex­
pensive than the older, gain-limited processing. 

WHERE WE ARE TODAY 

Now that we have reviewed reflection seismology from 
its beginnings through its development to the present 
time, we have a basis upon which to analyze where the 
profession is today and to make some infomlt'd guesses as 
to where \\"e will be tomorrow. 

At present, the re are just over 500 field crews operating 
on land outside the Eastern Bloc. Between 50 and 70 
cre ws operate in the sea. The fewer marine crews, be­
cause of their greater productivity, survey nearly two and 
one-half times as many kilometers of line as do the more 
numerous land <.:rews. Slightly less than one half of all 
land crews and more than nine tenths of the marine crews 
use nonexplosive sources to produce se ismic energy. Tlw 
remainder use explosives in one form or. another. There 
does not seem to he any great tendency to change these 
proportions rapidly, although the proportion of \'ibroseis 
crews on land has heen increasing steadily, but slowly. 
from year to year. 

A typical crew today operates with spreads of 1 to 3 km 
or more in length and with 48 groups of geophones or 
hydrophones. There are still in existe nce a sizable 
number of 24-trace crews, but there are also an increasing 
number of <.·rews with 96 or mon.· active groups. The trend 
toward increasing numbers of groups in a spread has been 
<.·ontinuous and inexorahle. There is no sign that this 
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tt-ndem:y will not continue. On the other hand, spread 
lengths after increasing from about 100m to the present 3 
or 4 km usual maximum show no sign of further increase 
htrgely because of geometrical constraints growing out of 
the fact that we are not interested in exploring the earth to 
depths of more than about 8 to 10 km. 

Group lengths, or more generally group dimensions, of 
20 to 200 m have been used lor at least 25 years. The 
spedfic dimensions are selected on the basis of the IO<:al 
l'onditions of surface noise and subsurface dip. 

Our seismic data are typically recorded on standard 
l'Omputer tape, one-half im:h wide in one of several lor­
mats. The recording instruments are of a type that can 
accept and faithfully digitize signals within a dynami<: 
mnge more than ade11uate to encompass anything we are 
likely to encounter in reflection seismology. Most of the 
recorded data are of the instantaneous floating-point type, 
although many of the older hinary gain instruments are 
still in use. Instruments with limited dynamic range (that 
is, instruments depending on programmed or automatic 
gain controls) have been virtually eliminated from the 
mainstream of exploration tel·hnology. The precision with 
whi<:h these instruments convert seismic signals into hi­
nary numbers is generally more than necessary on the 
basis of infonnation theory analysis of signal and noise 
levels. 

I shall not speak at all ahout such important problems as 
positioning at sea or transportation on land nor of all the 
other essential logistic and ancillary activities essential to 
the operation of field crews. To dist·uss those matters 
fully would require more space than we can devote to this 
t>ntire paper. 

Seismi<: data arc today reduced to a fom1 intelligible to 
a human being hy means of digital t·omputers. Data re­
duction is performed either on a so-called "small" com­
puter in a field or a central office or on a "large" computer 
in a major computer center. The terms "large" and 
"small," when applied to computers, do not have a mean­
ing that is constant with time. Today's small computer 
would have been yesterday's large t·omputer. It has hcen 
said, for example, that the most powerful computer in the 
world at any given date has power equal to the combined 
power of all computers in the world 15 years earlit>r. 
Studies indicate that computt>rs tend to increase in power 
about one order of magnitude every 2. 7 years. That trend 
shows no signs of diminishing. 

WHERE WE ARE GOING 

To analyze what are the current trends today we can 
t•xamine the ideas that have been published but have not 
yet been carried to a point that they have a significant 
effect on our profession. Some of these ideas have been 
carried out in part, others are in the stage of design and 
experiment, and still others must await a major advance in 
the general level of technology before they can he 
applied to achtal operations. 

Geophysical Methods for Detection of Hydrocarbons 225 

Before we examine some of the speeilte ideas that will 
he the subject of the remainder of this paper, let us try to 
decide on what our ultimate goals as geophysicists should 
be. As I have stated in many previous spt>eches and pub­
lished papers, I believe that our ultimate goal is to bt:• 
able, anywhere in the world, to detennine from physical 
measurenwnts on the surface exactly what the drill would 
find at any specified location and depth . 

Please do not misunderstand me. I do not say that we 
can attain this goal in the next dt'eade or two. I merely say 
that this is the direction in which WI:' must go, and that 
when we reach that goal, there will he no more need for 
research into geophysical exploration methods exeept 
possibly to make the process cheaper. 

At this moment the most widely pmsued short-term 
goal in exploration seismology is to improve resolution, 
that is, to be able to detect and map finer details. This 
short-term goal is a step tO\vard our ultimate goal because 
at its present stage of development the reflection seis­
mograph has a resolving power adequate to map layers a 
few tens of meters thick at depths of a few thousands of 
meters. In the horizontal direction the resolution is ofthe 
order of 100m. Our resolution of lithologic properties is 
<:narser hy at least a factor of 10, that is, we t·an, at best, 
measure the velocity and the attenuation of sound with 
useful accuracy in a layer not less than several hundred 
meters thick. To achieve our ultimatt' goal we would have 
to be able to resolve properties of rock to resolutions of 
better than I m in the vertical dimension. At present, 
however, we are only striving to improve the resolution 
by a lildor of 2 or 3. 

To this end, we are in the process of completely rede­
signing tht> entire reflection system. 

We arc quite confident that when the entire new sys­
tem is in operation, we will indeed impron• our resolu­
tion by at least a factor of 2. 

The ideas on which the redesign of our system is being 
based were, at least in part, enunciated in publications in 
1958 and 1960. In one of those puhlil·ations I suggested 
that to achieve the higher resolution required to find 
stratigraphic traps it would he necessary to abandon filter­
ing as a means of improving signal-to-noise ratios, hut 
instead to use l'Ompositing. In the other, I suggested that 
the outputs of individual phones in a group be separately 
recorded for later combination in data-proeessing ap­
paratus. 

Recent experiments and theoretieal studies havl:' shown 
that every step of the seismic-rt•tlection exploration 
method we <:urrently use acts as a high-cut filter. Ht're 
then is the heart of our problem, because to impro,·e reso­
lution we must pass the higher frequt>neies instead of 
rejecting them. It is a well-known principle of matht>mat­
ies and physks that the resolution of any measurement is 
detem1ined hy the fre<tuency of signals used in making 
that measurement. 

Becaust> the scismie signal must pass through the vari­
ous parts of the system in succession, the overall fre­
quency passband ofthe entire reflection seismic system is 
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the product of all the individual pass bands of the parts. If 
each part has a passband that is a high-t·ut filter, the com­
posite passband of the system must be hi~hly destructh·e 
of exactly the high fre<tuencies we seek. 

The succession of individual steps that combine to 
yield the seismic-reflection data for us to interpret hegins 
with the generation of the initial signal. ~lost sources in 
wide use today are band-limited on the high side. Only 
explosiws yield more energy above 100Hz than below it. 
Some of the nonexplosive sources have relatively more 
high-frequency energy than others. In our experiments 
and special survey work, we have used small explosive 
charges of 225 gin both marine and land work. Also, at sea 
we have successfully used our A<tuapulse source in high­
resolution work. We have recently been using high­
pressure air guns in marine situations. \Ve have found that 
the high-frequency output of air guns can be improved by 
increasing the operating pressure from the conventional 
140 atm (or bars) to about 350 atm. 

After the seismic signal is produced, it must pass 
through the earth. The earth is a low-pass filter. We can­
not (as yet) modify the earth. Our only recourse is to mod­
ify our surveying system so that its response is biased 
heavily in favor of the higher frequencies to compensate 
for the earth's lack of compliance with our desires. 

After traversing the earth, the seismic signal is received 
by a geophone or hydrophone. !\lost t•ommercially avail­
able phones have a fairly flat response above a certain 
minimum frec1uency and, hence, pose no problem to us 
per se. On land, however, the coupling of a geophone to 
the earth usually acts as a high-cut filter with erratic char­
acteristics. It is highly destructive of high frequencies. In 
the very-high-resolution work, which we have been doing 
during the last year, we have been putting specially de­
signed pressure phones into water-filled holes a few me­
ters deep. Using sut·h a detection system, John Farr was 
able to demonstrate, in a paper presented in June 1976 at 
the meeting of the European Association of Exploration 
Geophysicists, continuous reflections with a peak fre­
quency greater than 500 Hz. 

One of the steps most destructive of high frequencies in 
present-day seismk practice is the t•omhination of signals 
from many phones in a group of considerable size into a 
single output. We are at·customed to using groups of 20 to 
60 phones over group lengths of 30 to 200 m for the pur­
pose primarily of t·ancelling horizontally traveling en­
ergy. Such groups have the unfortunate property of dis­
criminating against high-frequent·y information. When a 
group is deployed over a large distance, any signal wave 
front is likely to reach the different phones that make up 
the group at different times. On land, weathering and ele­
vation differences produce a random scatter of time dif­
ferentials. On both land and sea, nonnal moveout pro­
duces systematic dillerences while dip mon•out produces 
differences that depend both on the geological struc-ture 
and the direction in which the survey is conducted. 

Differences in the times of arrivals of signals mean that 
combinations of those signals will be out of phase. Dif-

ferences of 5 msec across a group are common. At 25 Hz a 
5-msec difference is a phase dillerence of 45 deg. Two 
signals added 45 deg out of phase will reinfc>rce each 
other. But at 100 Hz, 5 msec is 180 deg, and two signals 
out of phase by that amount will cancel. It is not hard to 
see why large groups are extemely destructive of hi!!h 
frequencies-they are powerful, high-cut filters and \\'l' 

remember that one of the ideas we want to carry out is to 
eliminate filtering from our system. 

In Dr. Farr' s experiments and in spedalized marine 
operations conducted during 1976 in Far Eastern waters. 
we have used very short groups spaced near to each other 
and have suct·essfully recorded unusually high frequen­
des at depths of interest in petroleum exploration. 

In the next ~eneration of field equipment that is cur­
rently under development we will he using phone groups 
whose dimensions and spacing along the line are of the 
order of a very few meters. If we are not to sacrifice the 
ability to cancel multiples, the immediate consequenl·t• is 
that we must increase the number of groups on the cable 
to several hundred. In my 1958 publications, I suggested 
that such large numbers of groups were impractical 
within the bounds of the then existing recording systems. 
Today technology has advanced to the point where re· 
cording systems of adequate capacity can be provided. 

This remark leads us to examine the next phase of the 
seismic process, namely, the recording system. Present­
day electronic techniques arc adequate to amplify and 
digitize hundreds of signals to the required spedfiea­
tions. But, what are those spedfications? We know from 
the Nyquist theorem that in digitizing we must sample 
our data more than twice for each cycle of the highest 
frequency to be expected in the data and that we must 
filter the data to prevent the phenomenon known as alias­
ing. From a practical standpoint, these considerations 
limit us in frequent·y to about 60 Hz for 4-msec samplin~. 
120 Hz for 2-msec sampling, 240 Hz for 1 msec, ett-. 

Our work in the expl'Timents and special projects that I 
have mentioned confirms these values. We have t·on­
duded that for the next stage of development our systems 
must at the least be capable of digitizing at 1-msec inter­
vals. 

All of this analysis points to a major problem. Our tape­
recording system will require a capadty of beh•,:een 10 
million and 20 million bits per second. 

The highest-capacity magnetic-tape system commonly 
available today has a packing density of 1600 bytes per 
inch. There is no conceivable way of running such a tape 
sufficiently rapidly to record 10 million bits per second. 
Even if there were a way to transfer such data rates to the 
common 1600-bytes-per-inch tape, one reel of tape could 
only accommodate three 6-sec remrds at 20 million bits 
per second or six such rct·orcls at 10 million bits per sec· 
ond. Even the highest-capacity instrumentation tapes 
available today ,.,·ould be completely overwhelmed by 
the data produced by the system that we have been de­
scribing. 

In order, therefore, to make possible the use of our new 
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system, recourse will have to be made to entirely new 
methods of tape recording. The method that has been 
adopted is described in a paper by Paul E. Madeley, 
whi<:h appeared in the Oil and Gas journal on June 21, 
1976. The particular type of tape-re<.·ording system is one 
that has been adapted from high-fidelity color-television 
recording. It is known as the quadruplex, transverse re­
cording system. It permits recording data at rates of 10 
million to 20 million bits per se<.·on<l, while, nevertheless, 
driving the 2-inch-wide tape forward at a rate of 10 to 20 
em per second. Since the standard video tape reel con­
tains something more than a kilometer of tape, one reel 
can record several hundred 6-sec records. 

Onl·e we have recorded data at these unprecedented 
rates, we will have the problem of finding a computer or 
<.·omputers that can ac<.·ept such rates. The capal'ity of 
present-day, large-scale computers such as, for example, 
the IB~I 370/168 is ade(tuate to handle such data flows, 
but one marine crew would occupy the major part of the 
capacity of one computer. In the initial stages it will, 
therefore, be necessary to design and build spedal­
purpose <.·omputers that will do the first-stage computa­
tions to reduce the volume of incoming data to a manage­
able level. 

Our research workers have been carefully examining 
the various steps of data processing that have bt>en used 
in the past and are currently still being used. They have 
come to the conclusion that nearly all of the approxima­
tions and algorithms that are currently in use lack sufl'i­
dent al'<.·uracy to be valid for signals in the 100- to 200-IIz 
range. Many of the present algorithms have a filtering 
effect that produces a rather severe high cut. For example, 
a common-depth-point stack has the same need for the 
alignment of signals in phase as does the seismomett>r 
group in the field. Inaccuracies amounting to 5 msec in 
computing and applying normal moveout or static correc­
tions will be totally destructive of signals at 100 Hz. The 
effel't is negligible at 25 Hz. 

As a matter of fact, tht> inadequacit>s of the common­
depth-point method become painfully apparent when 
we try to improve our computational accuracy. It will not 
be many years before we will have abandoned geometric 
optics as the mathematical tool f(>r reducing seismic ob­
servations. Instead, we will be using algorithms based on 
a<.·oustic theory, that is, the scalar wave equation. \Vt> can 
even predict that ultimately Wt' must bt> using the equa­
tions relating to rt>al solids and work with tensor equa­
tions if we are to achieve our ultimate goal. 

The data rates that I have been des<.·ribing will re(1uire 
computers of vastly greater capacity than are currently 
available merely to accept the data, not to speak of the 
need to carry on tlw much more complex computations 
involving many more steps. We will need a new ~encra­
tion of computers, at least 1000 times more powerful than 
the present ones . \Ve at \Vestern are working in close 
association with a major computer manufacturer to realize 
as soon as possible the necessary computer power. If we 
assume that present computer speeds are based on 1974 
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technoloJ..')', and if the power of computt>rs continues to 
increase at the rate of one order of magnitude every 2.7 
years, we should expect the necessary 1000-fold im­
provement hy 1982. 

In keeping with the promise 1 made at the beginning of 
this paper to refrain from predicting times for accom­
plishment, I am merely saying what could happen if past 
trends continue into the future. 

~1y remarks to this point have been a description of 
what is, what is about to he, and what will be sometime in 
the future. As time ~oes on, more and more of the thin~s I 
have been describing will become available. At first, tlw 
availability will be on an experimental or test basis. Later, 
the techniques will he transferred to a few regular opera­
tional crews in areas in which those te<.·hniques are espe­
cially desirable. Still later, the methods will bt>come gen­
erally available on operatin~ crews throughout the world. 
Without saying when any given techni(111e will have 
reached a particular step of development, I will assert that 
all that has been described is already beyond the stage of 
being a mere idea. 

IDEAS FOR THE FUTURE 

I would now like to share with you a few of my specula­
tions as to developments for the more distant fitture, ideas 
upon which no serious work is currently being done. 

These spe<.·ulations follow naturally from what has gone 
befort'. Wt> are indeed going to resolve suhsurfil<:e inti>r­
mation into much finer detail than is now available, and 
more infommtion is to he extracted from those data. Con­
St'(lUently, the final presentation to tlw user will have 
overwhelmingly more infonnation than at present. The 
question immediately arises, "Where will we find the in­
creased numbers of skilled people to read, analyze, and 
interpret the much greater amounts of data that we will he 
creating?" 

The increased complexity of our civilization is making 
more demands on our population tor skilled, traint>d, in­
telligent workers. Shortages of the highly skilled are in­
creasingly apparent. I predict that there will be no \Vay to 
fulfill the demand for human analyzers and interpreters of 
the data that will be produl·ed when the present high­
resolution trends have become mature . Only the com­
puter will be able to step into the breach. 

For many years, mathematical tt>chni(1ues have been 
studied that will enable a computer program to make 
some sort of judgment as to whether a given body of data 
describes some objed or not. Twenty-five yt>ars ago the 
burning topk in programmin~ these techniques was 
whether a program could he desigtwd to distinguish the 
printed lettt>r A from the letter 0. Papers on that subject 
received great attention at international <.·onferences. 
Today computer programs can, in fad, distinguish all the 
letters of the al phahet under a wide variety of <.·omlitions. 

It is hut a simple step forward to imagine a <.·omputer 
program that can examine a vast body of geophyskal data 
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and determine, within specified limits of probability, 
whether these data describe an oil field. The probable 
reserves of such an oil field could he a simple extension of 
the determination of its probable existence. The calcula­
tions of probable payout would then he mere child's play 
to the <:omputer program, which could then simply indi­
<:ate where one should or should not drill. Such a pro­
gram, or a computer programmed with such a program, 
could very wdl be called an "analyst." Today an analyst 
is a human being. Tomorrow an analyst may be a ma­
chine. 

For those who are inclined to doubt, I would point out 
that in 1900 a "typewriter" was a human being who oper· 
a ted a mm:hinc for writing in type. In 1948, I went to work 
in the Westcm Geophysical Company oiTices and was 
classified as a "computer," along with many of my fellow 
employees. Today a computer is a machine. Can we not 
believe that in the not too distant future, probably within 
the lifetimes of many of the people in this room, an 
analyst, a geophysicist, and a geologist may all be ma­
chines? 
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APPENDIX 

B.2 
Multichannel Seismic-Reflection Systems 
with Some Applications to 
Continental Margins 

EDGAR S. DRIVER and N. WAYNE LAURITZEN 

DEFINITION 

The multichannel seismic-reflection technique calls for 
the summation of multiple reflection recordings at dif­
ferent shot-to-detector distances from the same subsur­
face reflection point. An essential feature of the technique 
is the application of static and normal moveout correc­
tions prior to summation. Referring to Figure 8.2.1: 

normal moveout = 11t = V :2
2 + T(f- T0 , (8.2.1) 

where Vis rms velocity, x is shot-to-detector distance, and 
T0 is reflection time for normal incidence. 

As an example, in current marine shooting for industrial 
purposes, 48-channel recording with a 2400-m streamer is 
common. Detector groups are 50 m in length and for 48-
fold stacking a shot is recorded every 25 m along the line; 
for 24-fold stacking a shot is recorded every 50 m along 
the line. This is illustrated in Figure 8.2.2. 

The power and contribution of the multichannel seis­
mic technique lie in two areas: velocity extraction and 
noise suppression. 

229 

VELOCITY EXTRACTION 

Root-mean-square velocity is obtained from Eq. (8.2.1) by 
inserting measured (x) and observed quantities (T 0 and 
11t ). High multiplicity of common-depth-point re<.·ording 
gives high statistical accuracy in the determination of ve­
locity. William A. Schneider, in Geophysics (Vol. 36, No. 
6, December 1971) gives an excellent description of the 
factors affecting the extraction of velocity. He provides 
the data given in Table 8.2.1. He also enumerates the 
principal fitctors aff<'<:ting a<.Tura<.·y as fi>llows: 

1. Random moveout estimation error, 
2. Random static correction error, 
3. Near-surface and distributed-velocity anomalies, 
4. Multiple reflection interference, 
5. Offset-dependent wavelet shape (complex reflector), 
6. Curved-ray path, 
7. Complex structure (in three dimensions), 
8. Survey geometry, 
9. Selection of intervals for interpretation. 

Figure 8.2.3 is taken from Schneider's paper. It shows the 
combined effects of statistical averaging, signal-to-noise 
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Common Depth Point 

FIGURE 8.2.1 Geometric layout for common-depth-point re­
cording. (Courtesy of Gulf Science and Technology Company.) 

ratios, and spread length. The dashed curves show 
spread-length extensions equal to reflector depths. 

Velocities derived from COP shooting have been com­
pared with velocity surveys in wells . Figure B.2.4. shows 
typical results for the Gulf Coast. This subject is dis­
cussed in depth by A. F. Woeber and J. 0. Penhollow in 
Geophysics (Vol. 40, No. 3, pp. 388-398). An accuracy of 1 
to 2 pen:ent is common for reflection velocities in the 
depth range 5000 to 12,000. 

50m ,....., 

NOISE SUPPRESSION 

In the first applications of COP, shooting noise suppres­
sion was visualized solely as the reduction of random 
noise according to the square root of the number of re­
cordings added. 

In 1958, stacking was conceived as a modification of the 
spatial filtering techniques used in detector and shot­
point arrays . As such, it was applied to the reduction of 
systematic noise with recording distances and multi­
plicities tuned to achieve optimum rejection of the most 
troublesome noise events in any area of operation. Figure 
B.2.5 illustrates the idea. 

The surface shot and detector configuration for fourfold 

Table B.2.1 Factors Affecting Accuracy of Velocity 
Determination 

Use of Velocity 

NMO corrections for COP 

stack as currently 
practiced 

Structural anomaly detection: 
l~ft anomaly at 10,000-ft 
depth 

Gross lithologic identification: 
1000-ft interval at 10,000-ft 
depth 

Stratigraphic detailing: 4~ft 
interval at 10,000-ft depth 

SURFACE 

Acceptable Error 

nns 
Velocity 

2- 10 percent 

0.5 percent 

0.7 percent 

0.1 percent 

Interval 
Velocity 

10 percent 

3 percent 

I X I X X I Jl X X X I I X Jl I I X X X X I X I I X I X I X I I X 

FIGURE 8 .2.2 Diagrammatic represen­
tation of marine shooting for industrial 
purposes using 48-channel recording with 
a 2400-m streamer in the common-depth­
point mode. (Courtesy of Gulf Science 
and Technology Company.) 
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~ FIGURE 8 .2.3 Root-mean-square veloc­

ity statistical accuracy versus travel time 
and signal-to-noise ratio (SIN). [From 
W. A. Schneider (1971). Developments in 
seismic data processing and analysis, 
Geo11hysics 36(6): 1043-1073.) 
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FIGURE 8 .2.4 Comparison of velocities from seismic reflections with velocity surveys in wells (or holes). This 
figure shows typical results for the U.S. Gulf Coast. (Courtesy of Gulf Science and Technology Company.) 
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FIGURE 8 .2.5 Spatial array principles applied to common-depth-point (stack) shooting. (Courtesy of Gulf Science and 
Technology Company.) 
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stacking is shown with the corresponding reflection cen­
terpoints displayed below. 

If one visualizes shot-to-detector distances (SD" SDz, 
SD3, and SD4) as measured from a common point, the 
detector positions are equivalent to a detector array with 
element separation equal to the difference between suc­
cessive shot-to-detector distances. This is illustrated in 
the center panel of Figure 8.2.5. 

The bottom panel shows the corresponding array re­
sponse designed to optimize the rejection of noise events 
with wavelengths ranging from 350 to 1400 ft . As com­
pared with random noise rejection as shown by the 
dashed line, the use of COP stacking as an array yields far 
more efficient rejection. 

Because individual traces are corrected for NMO before 
summation, the dimensional limitations of conventional 
arrays are overcome and arrays can be as long as the 
maximum shot-to-detector distance employed. 

One of the first applications of the array concept in COP 

recording was to the suppression of formational multiples 
in the Gulf Coast. The upper part of Figure 8.2.6 shows 
recordings obtained by the "expanded-spread" tech­
nique, wherein a shooting boat approaches a recording 
boat, meets above a common reflection point, then con­
tinues shooting as the two vessels separate. In this illus­
tration, ranges in excess of 11,000 ft were recorded. The 
procedure can be considered the marine analogy to land 
noise spreads. In this case, multiples (A, C, E, and F) are 
distinguished from reflections (8 and D) by the excess 
moveout of the former. 

The lower panel of Figure 8.2.6 shows the data after 
removal of normal moveout for the reflections at section 
velocity. Note that reflections occur at a common time, 
while multiples retain residual moveout. These multiples 
can be characterized by their residual wavelengths (after 
correction for reflection NMO) and a stacking array de­
vised to optimize their suppression. 

Refinements to the array application have been devel­
oped to account for the curvature of the multiple wave 
fronts over the long differential in shot-to-detector dis­
tances involved in COP stacking. 

APPLICATION OF THE CDP TECHNIQUES TO 
PROBLEMS IN MARINE GEOLOGY 

COP systems as developed for the industry have been 
applied to some problems in marine geology. A long mul­
tichannel traverse along a flow line transect in the North 
Atlantic was commissioned jointly by the U.S. Geological 
Survey and the International Program for Ocean Drilling 
Site-Survey Panel. Interesting intracrustal reflection 
events were recorded. One event is postulated to be the 
Moho interface. 

To help appreciate some of the requirements for deep 
penetration and velocity resolution, some sample calcula­
tions have been made: 
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I. For a "typical" passive margin with a velocity distri­
bution as shown in Figure 8 .2.7; 

2. For a "typical" active margin with a velocity distri­
bution as shown in Figure 8 .2.8. 

The calculations revealed the following: 

(1) Bin For Passive Margin : A in 
Figure B.2.7 To Moho DerJths Figure B.2.7 
11.9K Length of cable for 10% ac- 6.1K 

curacy in rms velocity 
15.9K Length of cable required for 8.1K 

multiple rejection 
20.9 sec Approximate re<:ording times 9.1 sec 
138K Shot-to-detector distance for 29K 

critical angle 
(2) Bin For Active Margin: A in 

Figure B.2.8 To Moho Depths Figure B.2.8 
8.2K Length of cable for 10o/o ac- 5K 

curacy in rms velocity 
l0.9K Length of cable for multiple 6.7K 

rejection 
8.9 sec Approximate recording times 6.15 sec 

13.9K Shot-to-detector distance for 20.5K 
critical angle 

(3) C in Oceanic Crust: To Top 
Figure B.2.8 Asthenosphere 
18.7K Length of cable for 10% ac-

curacy in rms velocity 
24.9K Length of cable for multiple 

rejection 
32.3 sec Approximate recording time 

7.5K Shot-to-detector distance for 
critical-angle reflection from 
Moho 

Aceuracy for velocity determination from methods of 
inverse moveout is primarily dependent on the signal­
to-noise ratio and accurate distance detennination. Solv­
ing the normal moveout equation explicitly for Yrm• 
yields: 

X 
Yrms = --------

/1 T (2To + /1 T)t12 
(8.2.1) 

Hence, the derived velocity is directly proportional to the 
offset distance,x, and inversely proportional to the square 
root of /1 T. Any percentage error in x will cause a like 
percentage error in Yr1111 • The error induced in !iT is dif­
ferent, however. It is more likely to be a fixed, additive 
error caused by noise than a pereentage error. Figures 
8.2.9- 8.2.13 illustrate the magnitude of the V 11115 error 
that would be obtained using various streamer lengths, 
assuming no error in x and a given range of !iT errors. 
These figures illustrate that cable configurations that are 
currently available cannot alone reduce the error to a de­
sired 10 perc·ent interval velocity error. An increase in 
multiplicity over that yielding the postulated !iT errors 
would, however, reduce the effective /1 T error by the 
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FIGURE 8 .2.6 Long-spread recording; an early application of the array concept. (Courtesy of Gulf Science and Technology Company.) 
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FIGURE 8.2.8 A "typical" active margin, 
with velodty distribution. (Courtesy of Gulf 
&:ience and Technology Company.) 
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FIGURE 8.2.7 A "typical" passive mar­
gin, with velocity distribution. (Courtesy 
of Gulf Science and Technology Com­
pany.) 
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square root of the increase. For example, Figure 8.2.9 
shows a 100 percent error reduction going from a 3200-m 
cable to a 4800-m cable. This same reduction could he 
ac<:omplished by going from 12-fold COP stacking to 48-
fold CDP stacking. A high multiplicity is also indicated, 
because, with enough redundancy, coherency measures 
(·an he made to determine proper NMO alignment in 
signal-to-noise ratios that are far too poor for a velocity 
determination by the single-fold x2-P method. 

The method for determining appropriate cable length 
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was to assume that 100-msec AT on the far trace would 
he sufficient for a 10 percent interval velocity tolerance 
given sufficient COP-fold. Also, distances to yield 100-
msec moveout of differentials between primary and mul­
tiple times were computed by assuming that the multiple 
velocity was 0.8 times the primary velocity. This is a good 
rule of thumb assumption and yields the simple result 
that the cable length required is 1 113 times the cable 
length needed for an equivalent amount of primary AT. 
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APPENDIX 

B.3 Seismic Data Processing 

P. G. MATHIEU 

INTRODUCTION 

Reflection seismic data recorded by the petroleum indus­
try were subjected to some kind of mathematical manipu­
lations from the earliest days of seismic exploration. In 
the 1930's and 1940's when the data were recorded on 
paper, hardwire processes were being applied for such 
functions as frequency tlltering; constant gain expansion; 
and automatic gain control, multichannel composites 
(mixing). 

With the advent of analog recording of seismic data in 
the 1950's, there was an expansion of processing capabil­
ity, with increased sophistication being applied. Innova­
tive designs for single-channel filters were made; these 
included integration for low-frequency enhancement, dif­
ferentiation for high-frequency enhancement, and, by ex­
tension, primitive attempts at amplitude and phase de­
convolution; also gain normalization and static and 
dynamic time-shifts. Multichannel operations were also 
implemented, and these included such processes as 
common-depth-point stack, common-oflset stack, velocity 
filtering. With this expanded processing capability, the 
industry was able to produce a variety of seismic displays 
useful to the exploration interpreter, whose effectiveness 
was increased. 

It was with the advent of the "Di~ital Revolution" of 
the 1960's that seismic processing really bloomed. Scien­
tists from diverse disciplines such as mathematics, 

238 

physics, electrical engineering, and computer sciences, 
joined the geophysicists in writing a plethora of seismk 
programs. Whereas the geophysicists had used essentially 
detem1inistic models for seismic phenomena and seismk 
processes, the "new wave" adapted, for seismic applica­
tion, the statistical and probabilistic techniques used in 
communication theory. 

During the past 10-15 years, literally hundreds of 
seismic programs have been written. A very large number 
of them were later abandoned because they either proved 
to be mathematically unsound, or presumed an overly re­
stricted model, or proved to be impractical in their appli­
cation to real-life data. Yet, there are today hundreds of 
seismic digital processes in daily use. 

COMPUTER ENVIRONMENT 

Digital processing of seismic data probably dates back to 
the 1940's, when geophysical researchers would labori­
ously digitize by hand seismic responses whkh were 
then subjected to computer processes. 

In the 1950's, larger and faster computers came on the 
market and the pace of geophysical computer experi· 
mentation accelerated. However, routine application of 
computer processing was uneconomical. The computers 
were designed for simple mathematical operations on 
fairly large commercial and financial data bases or for 
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complex mathematical operations on relatively small data 
bases. For seismic processing, fairly complex operations 
had to be applied to very large data bases. The traditional 
seismie re<:ord contained 24 traces, and the typical record­
ing was 6 seconds; with a 1-msec sampling rate, a seismic 
record contained 144,000 values . Even a simple operation 
such as filtering with a 100-msec operator would require 
some 15 million multiplications and additions for each 
seismie record. Even though computers were considered 
marvels of speed in those days, they were very slow by 
today' s standards, and computer logic was not at all op­
timum for seismie processing. Since 10 or more records 
would be obtained each day on a land crew and several 
hundred records ea<:h day on a marine crew, seismic 
l'nmputer processing was very time-consuming and very 
t·ostly. 

Starting in the early 1960's, there were clear demonstra­
tions of the benefits to be accrued from digital processing 
and there was a rapid acceleration of seismic processing 
eaused by the following factors: (a) computer speeds in­
creased, and over the next 15 years arithmetic unit costs 
decreased dramatically; (b) certain mathematical al­
gorithms (e./l:., multiply-add) specific to seismic pro­
t·esses were hard-wired into very high-speed "array 
processors" (the first AP's were convolvers); (c) 
mathematicians-computer scientists devised clever al­
gorithms that took advantage of computer logic so as to 
a<:hieve very substantial speedups over conventional al­
gorithms. At that time, several small, special-purpose 
eomputers were designed with seismic processing as a 
specific objective, and a number of them were put into 
use . 

In the late 1960's, the large computer manufacturers 
hecame aware that they were losing some of the the po­
tential husiness in seismic processing to the special­
purpose computers and they designed special peripherals 
to their large computers, thus regaining the seismi<: pro­
cessing business. 

In the early 1970's, a new breed of minicomputers ap­
peared, and these were designed for processing at remote 
sites. These have been used either for preliminary pro­
cessing or as an adjunct to a main data center or as a 
principal data center hy itself. 

The chronolo~ of computer usage for seismic process­
ing has been as follows: 

l. l9.50's: Large-data-center computers used mostly hy 
the majors and some contractors for R&D. 

2. Early 1960's: Large-data-center computers and 
small, special-purpose data <·enter computers used by 
majors, not-so-majors. and contractors for routine process­
ing. 

3. Late 1960's: Mostly large-data-center computers; 
some remote-job-entry (RJF.) facilities to the data centers 
lin proc·essing from district locations . 

4 . Earl!f 197(fs: Large-data-center computers : 
minkomputers at n·mott> sites . 
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COMPUTER PROCESSES 

There are three principal categories of seismic processes: 

I. Data-arrangement processes 
I I. Data-enhancement processes 

III. Analytical or interpretive processes 

The first two categories are invariably applied by all oil 
explorationists, while the third category is applied more 
selectively. 

Although most seismic processing has for an objective 
the enhancement of the data, this type of processing can­
not he applied until the data are properly conditioned or 
arranged. 

I. DATA-ARRANGEMENT PROCESSES 

This stage is normally called "preprocessing," and its 
purpose is to take the data as received from field record­
ings and organize them in the fashion expected hy the 
mathematical algorithms used in data enhancement. 

Some of the principal processes in this stage are as 
fclllows: 

1. Demultiplex 

Data are recorded in the field from a number of channels 
simultaneously onto a single digital tape. Since this oper­
ation is in real time, at a given time sample, the seismic 
response of all channels has to be written hefore the re­
sponse at the next time sample <:an he written. In other 
words, the data are multiplexed on tape: 11. 21, 31, 
41, · · · n 1, 12, 22, 32, 42, · · · n2, 13, 23. 33. 
43, · · · 113, · · · nm, where the first index represents 
channel number and the second index represents time 
sample. 

The demultiplexinll: operation is equivalent to orderiug 
the data into a matrix: 

11. 21, 31, 41, · Ill 
12, 22, 32, 42. · n2 
13. 23. 33, 43. . 113 

1m, 2m, 3m, 4m. · · · tllll 

then transposing it: 

11. 12, 13, 14, · lm 
21, 22, 23, 24. · 2m 
31. 32. 33, 34. · 3m 

r~l, n2. 113. n4, · · · 4m 

Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


240 APPE:'\DIX 8.3 

Now all time samples of ehannel 1 are streamed to­
gether, fi.>llowed by all time samples of ehannel 2, and so 
on. The data are now in traee se<tuential mode and ready 
for fi1rther processing. 

2. Gain Recovery 

Since seismic data, which decay with time (distance 
traveled) and with frequency, have a very wide dynamic 
range, the recording system is designed to retain the same 
significance for the smallest amplitudes as for the largest, 
without using unwieldingly large numbers. In order to 
achieve this, every amplitude has a scalar applied so that 
it can be represented by the full number of available dig­
its. The scalar, which is a multidigit number, is logged 
simultaneously with the amplitude value. This arrange­
ment of writing on tape a sealar (ealled "gain hit" or "ex­
ponent") followed by an amplitude value (called "man­
tissa") results in a compact binary number of fixed fonnat 
(typically 15 bits: sign bit + 4 exponent bits + 10 mantissa 
bits). 

In the gain recovery process, each sampled amplitude 
is rewritten in true relative amplitude and the s<:alar is 
removed. The data-center computer can accept a wider 
range of numbers without the restriction of 15 bits. 

After this recovery process, the data display the full 
time-dependent decay of the seismic response. 

Some proeessors chose to apply, at this stage, an inverse 
to the decay curve so that amplitudes are reasonably hal­
anced in time; i.e., amplitudes at 5.0 se<.· have the same 
order of magnitude as amplitudes of 1.0 sec. One scalar is 
applied for one time to all channels and/or to all record­
ings of one line or of one prospect. There are many varia­
tions of this approach. 

Some pro<.·essors also chose to apply, at this stage, sca­
lars that will balance the amplitude distribution in space, 
so as to remove nongeologkal spatial variations that are 
caused by souree or receiver characteristics or by near­
surface effects. One typical approach is to <.·ompute the 
power (sum of squares) of a trace and to apply one scalar 
to all trace values such that the power will be a constant. 
The result of this process is that all traces have the same 
power. There are many variations of this approach . 

3. Merging of Location Data 

For a number of processes, there is a need to locate the 
seismic traces: sources and receivers need to he located 
relative to some coordinate origin and relative to each 
other. This information is external to the seismic record­
ing: surveyor's notes for land surveys, various types of 
navigation data for marine surveys. For either type of sur­
vey, the location data have to be subjected to a data­
reduction step before they are merged with the seismic 
data. In the merging step, ea<.·h seismic tran• on digital 
tape is tagged with a "header" <.·ontaining all pertinent 
geographi<.- information. 

Besides the location information, water depth may be 

added to the trace header in the case of marine surveys; 
elevation and depth of weathering may he added for land 
surveys. 

4. Gathers 

Seismic data are recorded in groups of channels, say 24 or 
48 channels. As stated earlier, the recording is in multi­
plex form, but after the demultiplex process, the data are 
written on tape in a trace sequential mode, with trace 1 of 
the first group being followed by trace 2 of the first group, 
and so on to trac·e 24; then the first trace of the se<.·ond 
group is written on tape, followed by the second tra<.·e of 
the se<.·ond group, etc. This follows the sequence of the 
field recording where a sour<.·e is energized and the re­
sponse is reeorded by 24 receivers, then another source is 
energized and this is re<.·orded by 24 receivers, etc. 

For single-channel enhancement processes. the traee 
sequence is unimportant. However, for multichannel 
processes, such as COP-stack or velocity analysis, which 
will be described later, a certain trace sequence is re­
quired. For example, the process may require that tra<.·e 1 
of record 1 be followed by trace 3 of group 2 and by trace 5 
of group 3, etc. There are many diflerent sequences that 
might he required depending on the multichannel pro­
cesses and according to the characteristics of the survey. 

This gathering of traces is generally done in the pre­
processing stage. 

5. Time Shifts 

Fixed time shifts, whieh are not dependent on the seismic 
responses but are due to predetermined causes, are 
applied in preprocessing. These would indude instm­
mental shifts, datum shifts, elevation corrections, etc. 

6. Vibroseis Correlation 

This is a special process used for special types of 
souree-the vibroseis technique in which vibratory 
waves are sent into the ground. The vibratory waves have 
unique characteristics, and by cross-correlating the result­
ing recording with a pilot vibration, the seismic sequence 
is restored. For a whole survey, the same vibration is used 
and the same process is applied to all recorded tra(.'CS. 

There are other, less prevalent, data-arrangement pro­
cesses that are applied ahead of the data-enhancement 
processes. The main feature of all of these preprocesses is 
that, although they move data around and change the digi­
tal formats, the seismic response remains essentially un­
changed and the signal-to-noise ratio or the resolution of 
the data is unaflected. 

II. DATA-ENHANCEMENT PROCESSES 

It is this stage of processing that has been of greater inter­
est to the geophysicist, who wants the optimum data qual­
ity for interpretations: (a) dasskal stmctural interpn·ta-
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tion based on spatial correlations of seismic events and (b) 
interpretations of rock and fluid properties from seismic 
response unpolluted by noise. 

The geophysical objectives of processing can be sum­
marized as follows: 

(a) Improve signal-to-noise ratio (SIN). 
(b) Improve temporal resolution. 
(c) Improve spatial resolution. 

There are two types of processes available: 

(A) Single-channel. 
(B) Multichannel. 

Table B.3.1 lists some of the current processes. 
As mentioned earlier, the processes involve either de­

temlinistic: or probabilistic techniques or both . 

(a) Improve SIN 

Seismic noise has great variety, whereas signal, to the 
geophysicist, is very restri<:tively defined: it is the se­
quence of reflection coefficients convolved with a simple, 
unifom1 pulse (preferably a spike). Noise can he ambient, 
i.e .. it exists before and after a re<:ording is made; it can be 
random or coherent, and it can include wind, wave action, 
culture, tides, microseisms, power lines, and traffi<.·. Noise 
is also an integral part of the seismk model and of the 
survey technique, and it is, in the true sense, signal gen­
erated by the experimenter. This source-generated noise 
is generally more severe than the ambient noise and in-
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eludes all seismic events that are not primary reflections: 
Rayleigh waves, shear waves, refractions, reflected refrac­
tions, diffractions, ghosts, multiples, and others. 

Processes that enhance SIN depend on different charac­
teristics between signal and noise. Differences can exist 
in frequency, wavelength, or statistks. If no difference 
exists, no enhancement is possible and the recording 
te<.·hnique has to be designed to create differences be­
tween signal and noise. 

(a.A) Single-channel processes take advantage of the 
wavelet differences between signal and noise. 

(a.A.l) Frequency filters are effective because the 
signal is reasonably broadbanded (10-70 cps); certain 
types of noise have a restricted bandwidth. Shear waves 
and Rayleigh waves peak in the low frequencies, below 
10 cps, and a high-pass or bandpass filter can provide 
strong attenuation. Certain types of ambient noise, such 
as wind or culture noise, peak in the higher frequencies 
and can he attenuated by low-pass or bandpass filters . 

(a.A.2 and a.A.3) "Bubbles" and "surface multiples" 
are called noise although they are an integral part of the 
seismic wavelet. They both involve a long tail attached to 
the wavelet, and the tail interferes with the separation 
between events. The attenuation of these tails is as much 
a problem of improved signal resolution as of S/N en­
hancement. They are included here because of their 
length (up to 1.0 sec or more) when compared with the 
typical seismic wavelet (less than 200 msec). 

In marine re<.·ordings, the explosive source (dynamite, 
air gun) quickly creates a large gas bubble, which col­
lapses and then expands again as it moves upward to the 
surface, where it vents. This expansion-collapse­
expansion-etc. creates a long wave. 

TABLE B.3.1 Data-Enhaneement Pro<.·esses 

Geophysical Objectives 
of 
Processing 

(a) Improve SIN 

(b) Improve 
temporal resolution 

(c) Improve 
spatial resolution 

Process Type 

(A) Single-Channel 

1. Frequency filter 

2. Dehuhhle 
3. Demultiply 

1. Deconvolution 
2. Deghosting 
3. Frequency filter 

l. 1'\onnal-move-out 
correction 

(B) Multichannel 

1. COP-stack 
2. Coherence-stack 
3. Automatic static 

corredions 
4. Velodty filter 
5. Phase filter 
6. Radial arm 

1. Multichannel 
deconvolution 

2. Multichannel dep:hosting 

1. Two-dimensional 
mip:ration 

2. Three-dimensional 
migration 
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FIRST 
BUBBLE 

PRIMARY 

Where there is a strong shallow reflector (e.g., water 
hottom), a multiple reflection system is created between 
the reflector and surface: 

SECOND ORDER FIRST ORDER PRIMARY 
WL TIPLE W L TIPLE 

For either type of wave train , inverse filters have to be 
designed that will attenuate the tail, but leave the primary 
wavelet undistorted: 

There are two principal methods of designing an in­
verse filter: ( 1) from an exact model of the tail and (2) from 
an estimate obtained from the autocorrelation of the seis­
mic trace. With either approach, there are several mathe­
matical methods of inversions, and all result in a col­
lapsed wavelet that makes discrete seismic events separ­
able. 

(a.B) Multichannel processes take advantage of spatial 
recording differences between signal and noise: signal is 
the same, or can be made the same on several <:hannels, 
while noise is different on the several channels; com­
positing of the channels produces SIN enhancement. 
Compositing can be achieved with various degrees of 
mathematical sophistication that optimize the SIN en­
hancement. In general, sophisticated processes produc­
ing optimum enhancement require exact modeling of sig­
nal and noise ; since this is rarely a\'ailable in the real 
world, the more effective processes are those that are 
robust. 

(a. B. I) One of the most widely used composites is the 
common-depth-point (CDP) stack. The signals recorded 
from the same depth point have the same response after a 
suitable normal-move-out corredion (mentioned in 
c .A.l): 

S•SOURCE 

R•RECEIVER 

The signals add linearly, and if the amplitude on one 
channel is a, then the amplitude of an n-channel compos­
ite is 11a. 

The compositing of random noise increases the 
amplitude of the noise as a fundion of the s4uare root of 
the number of channels. If the average noise amplitude 
on one channel is b, then the average amplitude of an 
n-<."hannel composite is Vnb. With the SIN on one chan­
nel being alb, the SIN of an n-channel composite is nal 
Vnb, an improvement of nl Vn = Vn. The greater the 
number of channels, the greater the improvement. 

The compositing of coherent noise will have an 
amplitude response that is dependent on the wave 
number between channels; with equally spaced chan­
nels, the response is as follows: 

n 

t 
< 

k=1/A-

With signals being in perfect coincidence, the wave 
number between channels is zero and the signal compos­
ite equals n. Noises with linear coherence (constant phast' 
between channels) will have amplitude response that will 
go to zero at certain frequencies . The larger the number of 
channels, the greater the attenuation. 

Noises that have nonlinear coherence between chan­
nels have different responses to a composite, e.g., 

t 
< 
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There are other responses. In every case, the signal com­
posite has a higher response than the noise. 

This type of composite or stack presumes each channel 
to have unit weight and to be undistorted. 

Figure 8.3.1 is an example of the enhancement capabil­
ity of COP stack. 

(a.B.2) Coherence stack. Signal coherence between 
channels can he measured. One commonly used measure 
is the <.·ross-correlation cW,r = f-rr g(t)r(t + T) dt or, for 
the sampled case f/J:xy = I, __ ,.,.,. X1 Y1+1,j = -m .. . -2, 
- I, 0, 1, 2, ... 111. ~ and r, x and !I represent the two func­
tions being cross-correlated; t and i represent time; T and 
j represent lags; T and N represent maximum lags. The 
maximum value of the cross-correlation is a measure of 
coherence. There are other measures available. One can 
show that in order to optimize the SIN of the multichannel 
composite, one should give greater weight to those chan­
nels that have high signal coherence and lower weight to 
those with low coherence (it can also he shown that it is 
better to use a channel, even with the lowest coherence 
weight, than not to use the extra channel at all). 

One technique is to cross-correlate each channel to a 
reference (e.g., previous composite, first-round composite 
of then or n - 1 channels, etc.) and to weigh each channel 
in the stack by the cross-correlation value: 

This stack produces a better SIN than the straight stack 
=I, 1-lna,. 

Figure B.3.2 compares a straight stack to a coherence 
stack. 

(a .B.3)Automatic static corrections. Optimum SIN in 
a stack is obtained when all signal channels are coinci­
dent. However, if there are time shifts between channels, 
there will be suboptimum stacking. Common-depth-point 
recordings should have coincident times, after normal­
move-out corrections. However, there are surface and 
near-surface spatial variations that affect reflection times. 

Elevation and weathered laver variations aflect the re­
flection times in a static man~er, i.e., all reflection times 
are affected equally at a particular receiver location. To a 
great extent, these time variations can he corrected for 
with suitable recordings. However, exact corrections are 
almost impossible, and, in some cases, substantial re­
sidual static shifts remain . 
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To bring the channels in signal time-coincidence, the 
residual static shifts must be measured. One means of 
measuring the shift is through cross-correlation, f/J:xy 
= I I=•" X,Y,_hj = -2, -1, 0, 1, 2, .. . m. The lagj at 
which the cross-correlation response peaks is the shift 
needed to bring channels X and Y in coincidence. There 
are other mathematical means of measuring shifts. 

The shifts from all channels of a COP can be measured 
and statics can be applied, thus optimizing SIN of the 
stack. 

Any technique for measuring time-shifts can fail at low 
SIN's. To ensure that the "true static" has been measured, 
the redundancies of the COP recordings are used: 

The static under R2 must be the same for the S2R2 re­
cording as it is for the S4R2 recording; the static under~ 
must be the same for S1R3 as for S3R3; and so on. This is 
ensured by clustering, least-square solutions, and/or other 
mathematical approaches. 

It is only after the statistical determination of the statics 
that corrections are applied . 

. Figure B.3.3 shows the comparison between a co:-~ven­
tional COP stack and a stack with automatic statics. 

(a.B.4) Velocity filters . Seismic reflections will have 
certain dips that are geologically plausible; larger dips 
would be attributed to noise. Since seismic dips are 
measured by time increments over space, an apparent ve­
locity results. In the same manner, multiples have more 
dip/lower apparent velocity than primaries. For this rea­
son, the filtering of noise on the basis of dip has been 
called "velocity filtering." It has also been called "fan 
filtering." 

These are n-channel spatial filters that will pass events 
with certain wavelengths (apparent velocity) between 
channels and attenuate all other events. This is achieved 
by applying a convolusive filter, deterministically de­
rived, to each channel and summing the results: 

Stackf(t) = a 1*/1 + a 2*/2 + ... an*f., where a, denotes 
channel response, / 1 denotes filter, and * denotes con­
volution. 

The desired response of the velocity filter can be 
shown schematically: 
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MULTI- CHANNEL PROCESS 

SINGLE CHANNEL 
•• ..;;=t<;;;p.,..;_-;;;-.l..;;:;-...t=-.. r..-.-:=t=tO....;;;;;;..,,.;;;;..,.,..~._!Oito ... ...,~...-._"'111..,.iJoo..;::::J+..Qo-til...,~-,.,. -I - 1- I I -I - •• 
-·=--- · ;;·~·· -. ..... 7r""'-"''"-;.t; .. ;·_,. ............ .:.: ........ ~ .... ~-"'""' ... II'Jio:..O ....... ..;,; 

•• 

,, 

•• 

FIGURE 8 .3.1 Signal-to-noise enhancement. (Courtesy of Gulf Science and Technology Company.) 
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AXIS OF INFINITE 
I APPARENT VELOCITY 

FIL TEA RESPONSE -

BAND 

---- LOW VELOCITY NOISE 

0 k=1/A- • 

The eommon velodty filter is a passband filter, where a 
~mall portion of the f -k plane (frequency-wave number) 
has the pass response and the remainder of the plane is 
reje<:ted. 

A variation is the reject velocity filter, where rejection 
occupies a small portion of the f-k plane, and the pass 
response occupies the remainder: 
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There are many mathematical variations of these filters. 
These types of filters ean be applied to "stacked" data or 
to CDP gathers, where all primary reflections have infinite 
apparent velocity after Nl\.10 eorrection (see c.A.l). 

(a.8.5) Phase filters. One feature of the seismic model 
is that the signals on 11-<:hannels are time-coineident (no 
phase between channels), while noise has phase between 
channels and the channel eomposite has a finite SIN: 

FIGURE B.3.2 Comparison of a straight stack with a coherence stack. (Courtesy of Gulf Science and Technology Company.) 
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NOISE SIGNAL 

RESULTANT 

----------------•RESULTANT 

Ch.1 Cll . 2 Ch. 3 

Filters are designed to rotate the phase so as to produce 
a zero resultant on the noise: 

NOISE 

2 , 
CF~h. 2 ~' .. 

Ch.3 

Ch.1 

2'1r 
F1 • 3-8, 

4'11' 
Fz"' T -82 

RESULTANT= 0 

The application of these filters modifies the signals: 

SIGNAL 

~
ESULTANT 

2 

Ch.3 
Ch.1 

FIGURE 8.3.3 Comparison of a conven­
tional CDP stack with a stack with automa­
tic static. (Courtesy of Gulf Science and 
Technology Company.) 

The filters are modified (phase is rotated and scalars are 
applied) so that the output signal is undistorted. 

Ch.2 Ch.3 

Ch.3~ 
\ESULTANT•O 

Ch.2 

RESULTANT 

Ch.1 

Ch.1 

This operation is performed for every frequency in the 
seismic passband (say, 10-70 cps). 

These are powerful filters in cases where the channel­
to-channel time delay (phase) of the noise is accurately 
known and the signal is properly aligned between chan­
nels . These types of filters have been used to attenuate 
multiples. 

(a.B.6) Radial arm. This is a multichannel filter espe­
cially designed for the attenuation of deepwater (>500 
feet) multiples, which are troublesome in marine record­
ings. 

This technique takes advantage of the fact that the pri­
mary response for one source-receiver geometry is 
exactly the same as the response of the multiple for 
another source-receiver geometry: 

STACK WI11I AlmJ1ATIC SI'ATIC 

• · ·=·-!o~ ·-

":' ·=· 

.1 ~' 

1 1 

1 :> 

l ... 

J. -=· 

1 -
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---is~_r..;.'---,r~2---ir3::.,_-rr•:...._ ___ SURFACE 

----~-~----i----L---------- WATER BOTTOM 

The angle of incidence i for the primary at r2 is the same 
as for the multiple at r4• There is no distortion of the mul­
tiple relative to the primary except for an amplitude decay 
caused by distance traveled and the reflection coefficient 
R at the water bottom. 

The scalar difference between the primary and multi­
ple is determined by cross-correlating the primary on 
channel r2 with the multiple on channel r4 • The scaled 
version of the primary is then subtmcted from the multi­
ple. 

This opemtion is performed for all channels and has 
proved to be quite effective for the attenuation of first­
and higher-order surface multiples. 

There have been many, many more multichannel oper­
ations designed for data enhancement. Each has utilized 
some presumed special properties of the signal and the 
noise. Included are such multichannel filters as maximum 
likelihood, minimum power, and cross-equalization; also 
included are filters with exotic names such as APE, sous­
TON, WIPER, DOVE, and HAWK. 

Figure B.3.4 is an example of a multichannel process 
that attenuates multiples. 

(b) Improve Temporal Resolution 

The seismic tmce is assumed to be the result of convolv­
ing the reflection coefficient function with a wavelet: 

S(t) = R(t)*W(t). 

e ,1 I 1 h·l· • __/\ """"" II II •i• i i v v 

Sit) Alt) Wit) 

R(t) is the function that is of geological interest to the 
explomtionist. It has high resolution, and discrete geolog­
ical events are separable. The wavelet W(t) limits the res­
olution of the data because the sequence of events is re­
placed by overlapping wavelets. The shape of the wavelet 
is determined soon after it enters the ground and is af­
fected by reverbemtions near the source and by the elas­
tic chamcteristics of the medium. 

SURFACE 

SOURCE* 

WAVELET 
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The wavelet acts as a frequency filter, reducing the 
bandwidth of the reflection coefficient function: 

,_ 
S(w) R(w) W(w) 

(b.A.l)Deconvolution. To improve the resolution, we 
would like to recover the reflection coefficient function 
by undoing the convolution with the wavelet, i.e., we 
want to "deconvolve" the wavelet or replace with a 
spike, __A_, which does not affect the response of the 
reflection coefficients. 

A simple opemtion would be to filter the seismic trace 
S(t) with an opemtor f(t) such that the result is R(t). In 
other words, the convolution of the filter f(t) with the 
wavelet W(t) would produce a spike. In polynomial nota­
tion: 

(Wo + W, + · · Wn) lfo + ft + · · · fn) 
= (1 + 0 + 0 + 0 + ' ' I). 

One method for determiningf(t) is through polynomial 
division (1 + 0 + 0 · · ·)/(W0 + W1 + · · · W"). The 
quotient is of infinite length, and finite truncation pro­
duces an error. Furthermore, exact knowledge of the 
wavelet, W(t ), is required. 

The preferred approach is to require the sum of the 
square of the errors resulting from the application of the 
filter be a minimum. This means that when we apply the 
filter: 

lfo + f, + /2) (Wo + W, + W2) = foWo + lfoWr + f,Wo) 
+(/oW2 + f,W, + /2Wo) + (f,W2 + /2W,) + /2W2 

we want a least-squares error solution for our desired re­
sult of 1 + 0 + 0. We want 

(1 - foWo)2 + (0 - foWr - ftWo)2 + (0 - foW2 - f,W, 
- /2Wo)2 + (0- f,W2 - /2W,)2 + (0- /2W,)2 = minimum. 

The solution takes the following form : 

We recognize, on the left-hand side, the autocorrelation 
of the wavelet, AC u·· The solution for the filter is 

F = (AC,.)- 1 Wo· 

Since w 0 is a scalar in this instance, we can say F 
(AC •. )-' . 

This shows that, rather than the wavelet, we need to 
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MULTI- CHANNEL PROCESS 
0 0 

00'"' - - -
I _ j-

SINGLE CHANNEL 

••-- F 1" :::T- . -F ~~ F .'¥. "1 · I F T 4 I F T 
~-;.=.~:~~::·:;;:.:: .:~;-.· .. ·:~~~~-:-·~· . ._ =;:;. .-~~~~.:.~-.:,_: .... --...... ··~-.. ·; .. ·.·- .. :a.,-- · .. ::..,.;;~-~rt'.:.'li.i;il!!!-

FIGURE 8 .3.4 Example of a multichannel process that attenuates multiples. (Courtesy of Gulf Science and 
Technology Company.) 
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know the autocorrelation of the wavelet. If we state that 
the autocorrelation of the refle<:tion coefficient function, 
R(t), is a spike(· · ·, 0, 0, 0, 1, 0, 0, 0, · · ·),then the 
autocorrelation of the trace, for finite length, S(t), is the 
autoc·orrelation of the wavelet. This is an important result, 
since we always have the seismic trace, but it is difllcult 
to record the sou~e wavelet independently. 

The usual deconvolution is performed by convolving 
the seismic trace with the inverse of the matrix of the 
autocorrelation of the seismic trace. The autocorrelation 
is of finite length, typically 200 msec; this represents the 
expected length of the wavelet. 

The same operation can be achieved in the complex 
Fourier transfom1 by inverting the amplitude and phase 
spe<:tra of the wavelet obtained from the power spectrum 
of the trace. The phase spedrum is obtained through H il­
bert transformation. 

There are other methods to separate the wavelet from 
the reflection coelfi<:ient function. One method that has 

RAW OO'A 
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been used occasionally is the homomorphic deconvolu­
tion in which the spedrtllll of a tran· is used. 

The deconvolution can be performed so that the 
wavelet, instead of being replaced by a spike, is replaced 
by a collapsed wavelet of specified shape: 

(W0 + W1 + W2 + · · · W,) lfo + /. + /2 + · · · J.) 
= (au+ a 1 + · · ·a,.). 

This is called "shaped deconvolution" or "predictive de­
convolution" and is gt:>nerally more robust than "spiking 
deconvolution." 

An approximatl' deconvolution, which is computation­
ally litst because it avoids the matrix inversion, is the 
polynomial division of the trace autocorrelation. 

The deconvolution can be applied in a time-varying 
mode by defining dilferent opt:>rators for ditlerent trace 
segments. 

Figure B.3 . .5 shows an example of the eflectiveness of 

- 1.0 

-2.0 

-3.0 

IECCINOLVED OO'A 

FIGURE 8.3.5 Example of the deconvolution process. (Courtesy of Gulf Science and Technology Company.) 
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the deconvolution process; resolution and event separa­
tion have been achieved. 

(b.A.2) Deglwsting. When a source is energized 
below the surface, energy is reflected from the surface 
and trails the primary pulse as a ghost: 

W(tl = 

----~~------------------SURFACE 

SOURCE.K\ 

\ GHOST 

PRIMARY 

PRIMARY 

I 1\ " -
G~OST * ~v ~ 

Ghosting is a special wavelet problem similar to the 
"bubble" and "multiple" mentioned earlier. 

The ghost can be detected from the autocorrelation of 
the trace or from special recordings, and a simple inverse 
operator can be designed. Although the exact inverse is of 
infinite length, an operator of finite length produces 
adequate results: 

11(1 - g) = l - g + g2 - g3 + g4 - . 

(b.A.3) Frequency filters. By judicious selection of 
the wavelet spectrum, one can enhance the resolving 
power. 

Wavelets that have most of their energy in a narrow 
frequency band, say three fourths of an octave or less, are 
quite "ringy," i.e., they have long tails: 

MINIMUM PHASE WAVELET (20-35CPS) 

~ 
ZERQ-PHASE WAVELET (20-35CPS) 

~ 
0 t-

:~-~I:::::. I~ 
0 10 20 30 40 so 60 70 10 90 100 

One could select the band 30 to 100 cps, filte ring out 
the low-freque ncy portion of the spectrum and have a 
sharper wavelet with dampened tail: 

Since it has less power than the wavelet peaking at 25 
cps, it has lower SIN even though it has greater resolving 
power. 

Coupled with the filter, simple deterministic opera­
tions can be applied. Integration raises the low frequen­
cies at the rate of 6 dB per octave: 

t 

f-

Differentiation raises the high frequencies at the rate of6 
dB per octave: 

< 

·-
These operations also produce 90° of phase shift. 

(b.B.l) Multichannel deconvolution is a direct exten­
sion of single-channel operation. It is assumed that each 
channel is convolved with an operator, and all channels 
are then summed to produce the desired result. The prob­
lem is set to produce a least-squares error solution to the 
following equation: 

(WIO + w,, + · · · w,.) if10 + !" + · · · J,.) 
+ (W2o + W2, + · · · w2.) if2o + f.l, + · · · /2.) + · 
+ (W,.0 + \V,., + · · · W,.,.) ifmo + j,., + · · · J,..) 

= (l + 0 + 0 + 0). 

The advantage of the multichannel operation over the 
single-channel deconvolution is that, to the extent that 
powe r spectra are different on different channels. op­
timum SIN is used from each channe l in constructing the 
desired result. 
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The difficulty with these filters is that they are very 
sensitive to the lack of time-coincidence between all 
l·hannels and are computer-intensive (large matri<:es need 
to be inverted). 

Those filters are seldom used, but they have been used 
as the foundation to other special-purpose multichannel 
filters (maximum likelihood, cross-equalization, etc.). 

(b.B.2) Multichannel deglwsting. If two or more re­
l·ordings are made at the same location with the source at 
different depths, ghosts occur with diflerent time delays 
to the primary for the different channels. 

The deghosting operation can be performed as de­
scribed above or as described in a.B.5 fi.lr phase filters. 

(c) Improve Spatial Resolution 

Seismic recordings do not measure depth vertically 
below the receiver but rather time along a seismic ray that 
obeys Fermat's principle (shortest travel time) and Snell's 
laws (continuity across boundaries). The distortions 
caused by the travel times must be corrected before the 
geological shapes can be resolved by the explorationist. 

There are two types of structural distortions: one 
caused by the recording geometry, the other caused by 
the geological features themselves. 

(c .A. I) Nonnal-move-out correction. If source and re­
ceiver were coincident, times along a seismic event 
would in general represent the true time relationship of 
the geological feature. However, seismic recordings are 
made with variable source- receiver distance, and all data 
need to he corrected to a source-receiver coincident posi­
tion before the data can be interpreted or processed 
through the various multichannel filters. 

The vertical ray Sl represents the two-way travel path 
to the reflector; this is the travel path that would be re­
corded if the receiver was located at S. With the rect•h·er 
offset from S by a distance R, the travel path SOR is equal 
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in distance to lOR. The travel time filr Sl is fu and for SOR 
it is t .~ .. \\'e can compute t r: 

t/V2 = t 112 V2 + x2 

tr = y' to2 + x2fVt. 

The correction to he applied to tn At = tr- fo, is called 
the normal-move-out correction (NMO). To apply !'\~to. a 
correct estimate of velodty is required. Current technol­
ogy provides velocities accurate to within 1-2 percent, 
whi<:h is more than adequate for the purpose of correcting 
XMO. 

(c.B.l) Two-dimensional migration. The seismic pro­
file is viewed as representing the structural shapes verti­
cally below the surface. This is only true when we deal 
with horizontal layers: 

Dips, curvatures, and discontinuities distort th(• ray path, 
and the resultant time-data can he misinterpreted. A dip­
ping layer shows the simplest distortion: 

--r----.;:--....,.---- SURFACE 

REFLECTOR CTRUE POSITION) 

TIME OISPLA Y .--"' 

It can he seen that the data need to he shifted sideways 
and up ("migrated") in order to he in true position. 

Discontinuities (point sources) cause similar distor­
tions: 

L~JJ..I"-- REFLECTOR 

~ POINT SOURCE 
FAULT 

This particular distortion of a point source is called a "dif­
fraction." Curved surfilces have similar distortions. 

If one considers every reflecting point as a point source 
generating a diflraction pattern (similar to the XMO cuT\·e), 
tlwn a migration technique becomes obvious: sum all 
data values along a diflraction curve and place the result 
at the apex of the curve: 
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FIGURE B.3.6 Snapshots of migration in progress. Solid lines indicate the imaginary geophone horizons. (Courtesy 
of Gulf Sden<:e and Technology Company.) 
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a1 

\ligratt-d value= ~a, at location a ... This prm·ess is 
comutonly called "ray-path migration." If tlwn· is rellec­
tor t'llt'rgy, the11 the migrated value at a,; will hl' large. If 
tlwrt• is no t'lll'I')...'Y along the diffraction Clll'\'l', thl' stun 
will he small. 

REFLECTOR 

CURVES 

nME DISPlAY -

The length of the diflraction curve along which the 
summation is perfonned (the "aperture") depends on the 
expected dips; steeper dips require a larger aperture in 
order to be a<:<:urately migrated. A typieal aperture is 144 
traees (about 3 miles) with 72 traees on either side of the 
apex. 

One of the flaws of the ray-path migration is that it can 
create continuities or pseudo-refleetion out of noise. In 
reeent times a more powerful imaging technique has 
been developed. It is called "wave-equation migration," 
and it uses finite diflerences rather than smns. It takes a 
detem1inistic approach to solve the migration problem, 
while the conventional ray-path migration utilizes a 
statistical app'roach that is hased on the Huygens-Fresnel 
principle. 

'Wave-equation migration involves solving a scalar 
wave ec1uation to synthesize seismie-wave fields that 
would have been observed with imaginary reeeivers at 
various dt•pths. Based on the concept of "downward con­
tinuation," the reeeivers are thought to move downward 
into the earth in progressive steps, while the correspond­
ing wave fields are computed using finite-differeJH:e 
technic1ues. Thus the closer the reeeivers are to a reflet·­
tor, the sharper the image becomes in the computed wave 
field . When the receivers reach the location of the struc­
ture, the wave field yields the correct image, which is free 
from diffractions. 

Figure B.3.6 (parts 1-6) shows a series of snapshots of a 
migration of tank model data in progress. As the imagi­
nary geophone horizon approaches the depth of the struc­
ture, the diffral'tions are progressively contracted and the 
image comes into foeus. The section ahove the receiver 
line is fully migrated, and only the data helow will he 
<.·hanged in the following iteration. Part 6 is the true im­
age. 

On field data, wave-equation migration demonstrates 
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its superior perfom1ance in preserving original charaeter, 
amplitude, and frequency content. It is partkularly effec­
tive on data with low signal-to-noise ratios where ray-path 
migration schemes tend to produce signifkant distortion 
in frequency and amplitude. 

There are other mathematical techni<tues for 2-D imag­
ing of seismil' data. 

Sint·e a very large number of input traces is used for 
every migrated output, migration is a time-consuming 
proeess. However, because the imaging provides a much 
dearer pi<.-h1re of the subsurf~lce structures, the process is 
becoming widely used, even though costly. 

(c.B.2) Three-dime11sional mil-(raticm. Since geologi­
cal features arc seldom two dimensional, the 2-D imaging 
is often inadequate. In sm:h cases, the structural picture 
seen along a profile is not the accurate structure vertically 
below the line of profile . The location of the reflection 
energy is not along a difl'raction curve, hut rather along a 
diffraction s urf~tce. 

An extension of2-D ray-path migration to a 3-D process 
is straightforward. Of course, the field recording must he 
so designed that spatial coverage is obtained; rather than 
a profile line, the survey must provide a carpet of loca­
tions, and the dimensions must he adequate to satisfy 
aperhtre requirements. 

In addition to the correct imaging along one verti<.-al 
profile, the 3-D technique also provides good sampling, 
in all directions, of the geological featmes. The resolution 
power is thus enhanced. 

Three-dimensional migration requires a costly survey­
ing technique and a costly computer process. Although 
the tet·hnictue is not often used, it is gaining in popularity. 

Figure 8.3.7 compares the results of 2-D and 3-D mi­
gration . For the 2-D migration, one profile was processed; 
lor 3-D migration, 60 profiles were processed to produce 
Figure B.3.7. The salt dome is better imaged by the 3-D 
prot·ess. 

III. INTERPRETIVE PROCESSING 

When the data have been optimally enhanced through the 
processes described earlier, the explorationist is ready to 
interpret the data in geological terms. He can use the data 
as they are, or he can seek tht• help of the computer to 
provide transfom1ation or displays that have geologi<.-al 
meaning. These processes modify the data or ahstrac·t 
subsets of the data, hut they do not make any basic change 
to the S/N or to the frequency bandwidth of the data. The 
SIN and bandwidth have been optimized hy the en­
hancement processes. 

A large number of processes an, useful to the inter­
preter. They have been designed to extraet from the seis­
mi<: data infom1ation that is correlated to structural or 
lithologie properties. Many processes were designed to 
test geological hypothest•s of the int(•rprcter. We will dis­
cuss briefly the ftlllowing processes, which are in fairly 
common use: 
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1. Time- Depth Conversion 
2. Velocity Analysis 
3. Pseudo-velocity Log 
4. Anelastic Attenuation 
5. Parameter Extraction and Multivariate Analysis 
6. Displays 

1. Time-Depth Conversion 

The seismic time can be converted to depth through mul­
tiplication of the time by the average medium velocity 
from surfat·e to the seismic event. This puts the data into 
conventional geological units (feet and meters) instead of 
seconds and milliseconds. It makes it possible for the in­
terpreter to incorporate other subsurface data such as well 
logs . 

If the velocity does not vary spatially, the time-depth 
conversion produces convenience to the interpreter but 
no change in structural shape. However, if velocities vary 
spatially, which they do, then the shapes of the time struc-

lures are altered, sometimes substantially. For example, 
this ti 111e feature : 

1.0 sec. 

2.0 SEC. 

3.0 SEC. 

could be converted to this feature : 

4000'j 
8000' 

12.000' 

0 .0 

1.0 

2.0 

3.0 

4.0 

FIGURE 8.3.7 Comparison of results of 2-D (left) and 3-D (right) migration . (Courtesy of Gulf Science and 
Technology Company.) 
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Whenever there are substantial spatial variations of ve­
locities, time-depth conversion is essential. 

Velocities can be obtained from well surveys or from 
the reflection data themselves or from both. 

Time-depth conversion is very fast, computationally. 

2. Velocity Analysis 

As mentioned earlier, velocity infonnation is needed fi1r 
nonnal-move-out correction and for time-depth conver­
sion. Velocity is also a parameter that can be correlated to 
rock and fluid properties. To make discrete interpretation 
of the variability of rock properties (porosity, for example) 
or fluid (oil, gas, water) properties, the interpreter needs 
\ery extensive velocity data. These are available from the 
retlection data, partic-ularly the common-depth-point re­
cordings. 

In the normal geometry of seismic recordings, the ve­
lo<:ity can be computed by using the arrival times at two 
different of£~et distances (source-to-receiver distances), 
say zero and x. 

Any two offset recordings x and y will pro,·ide velocity 
infonnation through the same medium, 

Since the current CDP surveys involve 24 or 48 offsets 
(occasionally as many as 96, 120, or 250 offsets), there is a 
great deal of redundancy availab1e for statistical averag­
ing, which increases the S/N of the velocity data. There 
are two principal methods of computing velocities: (a) 
track a seismic event through some cross-correlation 
scheme and measure the redundant velocities: 
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(b) use several test velocities to apply nonnal-move-out to 
the traces, and for each velocity measure the cross­
coherence; the largest coherence represents the true 
stacking velocity. This is the method that is most widely 
used, and a typical approach is to sum algebraically in 
spacex along an NMO hyperbola, L r=t" a,r, the amplitude 
values for discrete times t within a time gate (say, 25 
samples), then to sum the squared values of the results 
within the gate: 

HYPERBOLA FOR TEST VELOCITY 

The powers, Pj, for} test velocities are examined, and the 
highest power is related to the best estimate of the veloc­
ity of that location. There are many mathematical varia­
tions of this approach; each is designed to improve the 
rei iahility of the results. 
Fi~ure B.3.8 shows an example of continuous velo<:ities 

detennined from reflection data. 
Very fast al~orithms have been developed, and, with 

the use of array processors, computers can produee these 
analyses very fast even when they are computed at every 
recording location. 

The velocity obtained in this fashion is not the true 
velocity of the medium, and it is called "stackinlo(" veloc­
ity. 

When velocities are obtained at two ~eolo~ical inter­
faces, the interval velocity can be eomputed: 

AVERAGE 
VELOCITY V., 

l AVERAGE 
VELOCITY V •• 

This equation is correct for true average velocities. 
However, in the case of "stacking velocities" a good ap­
proximation is 

" Vlt.2 = 

where V, is the stacking velocity. 
These interval velocity results can he subjected to 

two-dimensional filters that improve the reliability of the 
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results. The explorationist then uses the results for his 
interpretation. For example, gas zones can he predicted 
from veloc·ity behavior. 

3. Pseudo-t:elocity Log 

Synthetic seismograms have been constructed from ve­
locity logs for the past 30 years. The log is converted to 
reflection coefficients, and these are filtered to the seis­
mic band. 

The logs <.·ontain more information than the seismic 
tmce, particularly information about rock and fluid prop­
erties. There has been a strong incentive to construct the 
inverse, that is, synthetic or pseudo-logs from seismic 
tmces, and many sehemes have heen attempted over the 
years. The diffieulty in achieving the transf(mnation is 
that logs are broadband, containing essential velocity in­
fomlation at the very-low-frequeney end, below 3 eps, 
whereas the seismic traces have very little usable data 
below 8 cps and they do not have the higher frequencies 
(above 80 cps) found in the logs. 

In the past few years, some effective schemes have 
been developed for producing pseudo-logs, and the gen­
eml approach is as follows: the seismic traee is decon­
volved and very high frec1uen<:ies are retained while the 
low-frequeney end, say below 8 eps, is filtered out; a ve­
locity curve is obtained, either from well-logs in the vicin­
ity or from velocity analyses of the refleetion data; the 
velocity curve is filtered to the band 0-8 eps. The deccm­
volved seismic trace is considered to he a refleetion coef­
ficient function, and it is combined with the velocity 
t·urve. The pseudo-logs can be interpreted by the explora­
tionist as if he had a string of wells along the smfi1ee. 

4. Anelastic Attenuation 

Seismic amplitudes attenuate as a function of distance 
traveled, and they are proportional to 1/R, where R is the 
mdial distance from the source. This attenuation is the 
same for all seismic frequencies. 

There is an additional attenuation that involves solid 
friction and that is called "anelastic attenuation." This is a 
frequency-related phenomenon in which higher frequen­
cies are more strongly attenuated than low frequen<:ies: 

--- SPECTRUM AT t 

LOSS DUE TO ANELASTIC 
ATTENUATION 

It is the spectral ratio between the wavelet at t and t + ll.t 
which defines the attenuation. 

The anelastic attenuation is related to rock properties: 
hard rocks such as carbonates have low attenuation; softer 
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rocks such as days have higher attenuation; gas-filled 
reservoirs have high attenuation, etc. It is a useful 
parameter to the explorationist. 

To measure the anelasti<.- attenuation across a geologi­
cal unit, one needs to examine the seismic wavelet before 
it enters the unit and after it leaves the unit. To obtain the 
wavelet is a difficult task, and many estimation methods 
have been used: least-squares and homomorphic decon­
volution and gated autocorrelation, to name but three. By 
whatever method, estimating the wavelet from a small 
se11uence of data is always imperfect, and anelastic at­
tenuation computations are very sensitive to noise. 

5. Parameter Extraction and Multit·ariate Analysis 

In addition to specifi<: parameters such as velo<:ity 
analysis and anelastic attenuation, explorationists have 
found it useful to extract systematically a large number of 
parameters available in the processed seismic data. 
Parameters are extracted from specified seismic events or 
from arhitmry time gates (say every 100 msec). The list of 
parameters would include the fi)llowing: 

Highest positive amplitude 
Highest negative amplitude 
Ratio of positive/negative amplitude 
PO\ver ~ (a ;)2 within specified gate 
Ratio of highest amplitude to power 
Peak frequency 
Slopes on the amplitude spectrum 
Coherence 
Velocity 
Anelastic attenuation 

These parameters are examined hy the interpreter, who 
seeks to correlate parameter behavior to geological condi­
tion. He may try to relate the change of water to oil to a 
change in amplitude or frequen<.·y content or t·oherenee or 
to a combination of parameters. 

Combinatorial techniques exist that can study, statisti­
cally, the relationship of a large number of parameters to 
specified conditions. For example, factor analysis is a 
method of detennining the relative importanee of several 
parameters in identifying a specifk- condition, say oil. 

Another method is discriminatory analysis, in which 
parameters arc manipulated to optimize the discrimina­
tion between <.·onditions of interest. For example, condi­
tions Za and Zb (e.g., oil and water) <.·an he described as 
follows: 

Za 1 = .\ 1X 11 + .\2X12 + · 
Zat = .\1X21 + .\2X22 + · 

zh. = y.r •• + Y2r12 + · 
Zh2 = Y•Y21 + Y2Y22 + · 

.\,X 1, +C., 

.\.X2, +C., 

y.r ... + c2, 
y,r2, + c2. 
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where the X's and r·s are the parameters (amplitude, 
power, velocity, etc.) for conditions a and b, respectively, 
and a's and h's are statistical samples for each condition; 
A's andy 's are discriminants computed to satisfy the fill­
lowing equation: 

(la - Zh)2 

----------- = maximum. 
(Za - Za ;)2 + (Zb - Zb ;)2 

If discrimination is found at a significant level, sets of 
pammeters from locations of unknown conditions can be 
tested to detennine whether they belong to one condition 
or another (e .g., water or oil). 

Other computer manipulations are also possible. 

6. Displays 

Finally, we come to the subject of displays. After all the 
computer processing to enham·e and massage the data has 
been completed, the explomtionist wants to study the re­
sults in a fommt that is comprehensible to him. He sel­
dom looks at lists of digits, but rather he wants displays 
that emphasize the chamcteristics that are of interest to 
him, e .g., phase alignment, amplitude variation. 

The bulk of processed seismic data is displayed in the 
limn of an amplitude-time section. The section can he 
displayed as variable amplitude (also called "wiggle­
trace"), variable density, or variable area mode or combi­
nations of these modes. Variable area and variable area­
wiggle are the most popular fom1s of displays. 

Certain seismic parameters are displayed as contoured 
line dmwings. For example, velocity data along seismk 
profiles are displayed in this manner. 

Finally, data can also be displayed in color. Besides the 
fact that variability can be enhanced through color, there 
is the additional advantage that more than one parameter 
can be examined on a single display, e.g., amplitude in 
black and white, velocity in color. 

Most modern display units (plotter) are computer con­
trolled . Great plotting speeds have been achie\'ed, and 
there is great flexibility . 

CONCLUSIONS 

Geophysicists being quite inventive, there are many, 
many more digital processes than have been des(·ribed in 
this paper. The list submitted here represents the more 
important and commonly used processes. 
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APPENDIX 

Integrated Approaches to the 
Interpretation of Gravity and 

B.4 Magnetic Data in Petroleum Exploration: 
Applications to Continental­
Margin Tectonic Studies 

J. G. SMITH 

SUMMARY 

During the past decade, petroleum explorationists have 
evolved an integrative approach to the interpretation of 
gravity and magnetic data in which inferences drawn 
from these data are considered in full awareness of other 
types of exploration information. Previous studies were 
generally restricted to interpretations based on inde­
pendent, isolated shtdies of potential field data, seismic 
data (reflection or refraction), and stratigraphic informa­
tion obtained through drilling, coring, and dredging. 
These more recent integrative studies, although very 
simple in concept, have greatly expanded insights into 
continental-margin structure, composition, and origin. 

Similar integrative approaches to the interpretation of 
gravity and magnetic data need to he adopted by 
academic, institutional, and government research agen­
cies, if public knowledge of the nature and development 
of continental margins is to increase substantially. The 
cost of acquiring high-quality regional gravity and mag­
netic surveys is the main ohstade to this type of applica­
tion. Nevertheless, extensive, detailed aeromagnetic sur­
veys should he the first step in any thorough investigation 
of a continental-margin segment. Research vessels carry­
ing out subsequent seismic surveys should he equipped 
to collect gravity data as well. 

The utility of gmvity and magnetic data in integrated 
continental-margin studies lies in that (a) they often pro-

259 

vide the only due to the deep stru<:tural framework of the 
t·cmtinental margin lying beyond the resolution of seismic 
data; (b) they complement seismic data in indicating the 
composition, size, and shape of stru<:tural elements 
within even the shallow sedimentary mantle of the mar­
gin; and (l'} they provide a means for mapping these struc­
tural and compositional features on a regional basis-all 
at a cost that is quite low compared with that for seismk 
surveying and for drilling. 

INTRODUCTION 

Interpretations of gravity and magnetic data have always 
been an integral part of the t·ontinental-margin studies 
carried out by at·ademic institutional and governmental 
research groups. Certainly the discovt>ry and study of 
magnetic lineations within the ocean floors have sup­
ported the cont·epts of seafloor spreading and have 
greatly increased our insight into some of the general 
processes involved in continental-margin de,·elopment. 
Gravity data have also provided means for making approx­
imations of the gross structure of the continent-ot·ean 
interface. For the most part, however, these studies have 
been based on small areal surveys, or widely spaced or 
isolated profile surveys; as a result, the regional signifi­
cance of the interpretations has been limited. Further­
more, these observations commonly do not overlap or 
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cannot be related to other sources of infonnation such as 
seismic surveys, deep drilling, or onshore geology, limit­
ing their value even further. 

The uti! ization of gravity and magnetic data in the 
search for oil and gas has been quite different and offers 
some approaches that should he more actively employed 
by continental-margin research groups. In general, 
industry-conducted potential field surveys have been 
more extensive and comprise more intensive coverage of 
higher-quality data. Even in petroleum exploration, these 
data sets were, at first, considered independently of each 
other, of seismic data, and of other geological inf(mnation. 
Gradually, however, explorationists became a\vare that 
much <:ould be learned if gravity and magnetic interpreta­
tions were considered in conjunction with or integrated 
into the structural and stratigraphic patterns that emerged 
through seismic mapping, drilling, and other geological 
investigation. This awareness was greatly accelerated 
during the past decade by the advent of multi sensor sur­
vey vessels simultaneously collecting seismic-reflection, 
magnetic, and gravity data. 

Integrated approaches to the utilization of gravity and 
magnetk data applied in petroleum exploration and 
examples of their application to three principal types of 
continental-margin problems follow. These approaches 
are quite unsophisticated; they do require, however, ex­
tensive, overlapping networks of high-quality gravity, 
magnetic, and seismic data, anchored if possible to at 
least a few stratigraphic <:ontrol points. Finally, such inte­
grated interpretations require special attitudes and a great 
deal of coordination among the specialized geologists and 
geophysicists required to accomplish this type of study. 
The first requirement can be bought (at great cost), the 
second requirement is more elusive and needs to he nur­
tured. 

DIFFERENTIATION AND RESOLUTION OF 
COMPOSITIONAL AND STRUCTURAL ELEMENTS 
WITHIN THE SHALLOW SEDIMENTARY 
MANTLE OF THE CONTINENTAL MARGIN 

Geophysical data collected several years ago off the west­
em coast of Africa have provided an outstanding example 
of the role of gravity and magnetks as a critical supple­
ment to modem seismic surveying of continental margins. 

The seismic-reflection profile seen in the central panel 
of Figure B.4.1 clearly indicates two high-standing struc­
tural masses of the same apparent size, shape, and origin. 
Both features appear to penetrate the sedimentary veneer 
of the continental margin. If the interpretation of this 
traverse had been limited to seismic data, it is unlikely 
that even the most experienced obsen·er would have dif­
ferentiated between the two masses, i.e., one would have 
mapped two salt or shale piercements, two basement up­
lifts, or perhaps two intrusive plutons. Fortunately, how­
ever, gravity and magnetic data were also available, 
which demonstrated that the two masses are quite 

dissimilar-that is, a salt or shale piercement on the left 
and probably a fimlt-defined block of dense, magnetic 
crystalline basement rock on the right. The significance of 
this distinction to a proper understanding of the nature 
and evolution of this segment of the west African conti­
nental margin is easily apparent. 

The African profile illustrates an extreme example of 
the utility of potential field data; it is hardly unique. Dur­
ing the past few years, gravity and magnetics have played 
a key role in the recognition of crystalline rock masses 
(horsts, stocks, dikes, sills, flows) penetrating and/or lying 
within the sedimentary mantle of the continental margins 
of Brazil, the eastern United States, and Alaska, to men­
tion only a few areas. These features are important dues 
to a fuller understanding of continental-margin develop­
ment and would have been unresolved, if not undetected, 
hy seismic methods alone. 

In the west African example the seismic data did, hm.\·"­
ever, provide an adequate representation of at least up­
pennost outlines of the two positive structural blocks. 
There are sometimes instances when quality of the seis­
mic data is such that this is not possible. Figure B.4.2 
illustrates two versions of the outlines of a high-pressure 
shale mass that penetrates a sequence of shales and pet­
roliferous sandstones. An unambiguous and accurate rep­
resentation of this shale mass is, of course, critical to 
exploratory drilling in the area. The initial seismic in­
terpretation was checked against the observed gravity ex­
pression of the shale mass using standard modeling tech­
niques and assumed density partitions and gradients 
based on drilling results elsewhere in the region. The lt·ft 
side of Figure B.4.2 indicates that the density distribution 
required by the seismically defined shale-mass geometry 
would not produce an approximation of the obsen·ed 
gravity anomaly. However, the right side illustrates that if 
the seismic data are re-examined with an awareness of the 
geometric constraints imposed by the gravity data, an in­
tegrated interpretation can be developed that satisfies 
both sets of infom1ation. 

Similar modeling approaches can be used to supple­
ment seismic data in the resolution of a wide range of 
complicated structural situations or, for that matter, for 
defining the gross distribution of major fitCies within the 
sedimentary mantle of continental margins. 

RESOLUTION OF THE DEEP STRUCTURAL 
FRAMEWORK OF CONTINENTAL MARGINS 

We have seen that even within the relatively shallow 
sedimentary veneer of the continental margin, gravity and 
magnetic data are essential adjuncts to seismic informa­
tion. Deeper within the margin-perhaps beneath a 
highly reflective layer that retards the penetration of 
seismic energy or simply beyond the limits of seismic 
resolution-gravity and magnetic data provide the only 
dues to margin infrastructure and composition. 

Another geophysical profile across the continental mar-
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BOUGUER GRAVITY' _,--/ ----------- 1006 

SALT OR SHALE PI ERCEMENT CRYSTALLINE BASEMENT 

FIGURE 8.4.1 Integrated interpretation of geophysical information (example from westem continental margin of 
Central Africa). Top: Outlines of structural uplifts hased on seismic data; middle and bottom: compositional interpre· 
tation based on gravity and magnetics. (Courtesy of Gulf Science and Technology Company.) 

gin of west-central Africa (Figure B.4.3) illustrates such a 
situation. One can see on the seismic profile that there are 
few coherent seismic events helow about 3.5 set·, a level 
that corresponds to a salt layer indicated by drilling and 
mapped as the deepest, most t·oherent seismic reflection. 
Petroleum explorationists were fortunate in finding oil in 
sandstones and limestones in early wells drilled into the 
presalt sedimentary sequence. It was, therefore, critical to 
discover the nature and extent of the presalt basins, the 
thickness and composition of sediments, the size and at­
titude of the faults that hound them, and the presence of 
anticlines or other structures within the basin sediments. 

One would also like to know whether the floor of the 
basin is composed of basaltic, nearly oceanic rocks or 
sialic crystalline rocks or whether the basin sediments 
havt' been penetrated hy magmatic rocks. Such infer­
ences, of course, also hear on developing a full insight 
into the nature and evolution of the continental margin 
and are not limited to hydrocarbon prospecting. Gravity 
and magnetic data provide many of these answers, and in 
the specific existem:t' shown in Figure B.4.3, gravity 
modeling indicatt's the presence and also the shape of a 
numher of sediment-filled depressions (gmhen) lying he­
neath the salt. As we will see below, regional gravity and 
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TERTIARY SANDSTONE & SHALE 
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FIGURE 8.4.2 Left: Outline of shale piercement based on seismic data and resulting mismatch between observed and 
computed gravity. 

magnetic data provide the only insight into the areal ex­
tent of these grabens. 

This modeling approach, although not fundamentally 
different from gravity modeling done by academic institu­
tions to approximate the gross nature of the continent­
ocean interface, does require high-quality gravity and 
magnetic coverage, which can be integrated with well 
and seismic data. 

REGIONAL MAPPING OF STRUCTURAL AND 
COMPOSITIONAL ELEMENTS OF 
CONTINENTAL MARGINS 

Despite the great utility of gravity and magnetic data in 
the examples cited, the most significant application has 
been to the recognition and mapping, on a regional s<:ale, 
of the complex of stmctural and compositional elements 

.J Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


Petrolcu111 Exploration : :\pplicutions to Tectonic Studies 263 

00 

10 

20 

30 

---

.--------------- ------ 0 

TERTOA~VSANDST""'_'_ SH;LE . -~ ~ _--.:_ ==±: OeftSIIf I 19()9f"/(( 

206 

2 24 

1------------ - -- -- . ----- --- :----t 6000' 

- - -+--800()' 

2.40 

2 43 236 

239 

---- ------- - - ----- --- --, 12.000' 
-- -- - - -------·-- ----- ------- 14,000' 

~-------------------------------------------~~· 

FIGURE 8.4.2. Ri~ht : Revised outline of shale piercement consistent with both gravity and seismic data. (Courtesy of 
Gulf Science and Technology Company.) 

that constitute the continental margin, i.e., structural de­
pressions or basins, high-standin~ blocks and platfonns, 
volcanic belts, plutonic bodies. This application has heen 
the traditional one for aeromagnetic data, which, because 
of its relatively low cost, has provided an ideal reconnais­
sance tool for searching out prospective sedimentary ba­
sins, prior to more intensive and expensive seismic sur­
veying. ~fore recently, with the advent of shipborne 
gravimeters, networks of gravity data that are generally 
collected simultaneously with seismic data have become 
available for integrative interpretation on a regional scale. 

The approach to regional integrated interpretation of 
gravity and magnetic data depends on the amount of other 
overlapping data available-on whether ·the 
continental-margin study is at an early or more mature 
sta~e . Aspects of these approaches are illustrated on Fi~­
nre B.4.4, a portion of a U.S. government magnetic survey 
of the Atlantic continental margin. This was probably the 
first nonproprietary survey that even approached the ex­
tent and quality of magnetic surveys carried out in petro­
leum exploration . The contour map was based on widely 
spaced profiles, which have missed many smaller fea-
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FIGURE B.4.3 Deep structure of continental mar~tin unresolved by seismic data, but inferred from gravity modeling 
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tures, but still the map can serve to illustrate, although 
some,\-·hat simplistically, the value of aeromagnetic sur­
veying in regional continental-margin studies. 

The magneti<: data covering the Blake Plateau are im­
mediately encoumging from an exploration point of view. 
They indicate that the Plateau is underlain hy a great 
thi<:kness of ostensihly prospective sedimentary rocks 
uncomplicated by igneous activity of any type. The mag­
netic data, when integrated with gravity infonnation, in­
dicate that the floor of the basin comprises crystalline 
rocks, which are t·ontinental in character at the north and 

hecome intermediate between continental and oc·eanic 
types to the south. Moreover, it is possible to relate the 
onshore magnetic anomaly character with the pre­
Cretaceous t·ompositional and structural elements of 
Florida that are known from drilling and more detailed 
geophysical work. These elements can then be projeded 
beneath the Plateau on the basis of magnetic trends and 
offer a provisional understanding of deep structure that 
certainly provides objectives for subse<tuent detailed 
gl.•ophysieal surveys, deep drilling, and interpretation. 

Similar regional approaches are rell.•vant (.•ven in in-
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sedimentary rocks 

I PRECAMINAN. . -'1 

crystalline rocks 
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Paleozoic and Precambrian 

continental rocks 
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M;~;!;;;;iliiiJiiili1~1;1t;i;iJ 
Mesozoic basalts 
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(From Taylor et al, GEOPHYSICS, 1968) 
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FIGURE B.4.4 Pre-Cretaceous tectonic elements of the Blake Plateau . Hi~hly generalized interpretation based on associa­
tion and extrapolations of onshore geology and ma~netic data. (From P. T. Taylor, I. Zietz, and L. S. Dennis ( 1968). Geolo~ic 
implications of aeromagnetic data for the eastern continental margin of the United States . Geophysics 33(5):i5.'5- i80.1 
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tensely explored continental margins Sll(:h as the Gulf of 
1\fexico. Despite the fact that it has been <:risscrossed with 
tens of thousands of miles of seismic surveys and pene­
trated by thousands of deep wells, knowledge of the na­
ture and origin of the deep stmctural framework of the 
Gulf and its development is still fragmentary, partly be­
cause of the limitations of the data. Mut·h of the infrastmc­
ture of the Gulf is beyond the resolution of seismic­
reflection data, whereas refraction seismic data as well as 
deep-drilling data provide quite isolated points of refer­
ence from which only very generalized connections and 
extrapolations can be made. On the other hand, regional 
gravity and magnetic surveys now provide not only an 
additional means for resolving deep stmcture but more 
signifieantly an excellent regional framework into which 

to fit fragmentary, previously isolated observations into a 
consistent picture revealing the infrastmcture of the mar­
gin ; viz ., detailed connections among similar stmctural 
elements can be drawn, as well as the limits between 
dissimilar units fonnerly recognized only in isolated lo­
calities hy drilling or from seismic data. 

This is not to say, however, that the utility of re~ional 
gravity and magnetic observations need be limited to the 
deeper portions of continental margins . Studies in long­
explored onshore basins have shown remarkable associa­
tions between basement stmcture and composition in­
ferred from gravity and magnetic data and the develop­
ment of regional structural and stratigraphic trends in the 
shallow sedimentary veneer of the basins. 
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Bright-Spot Interpretation 
APPENDIX 

B.5 ROSS A. DEEGAN 

INTRODUCTION 

In the late 1960's and early 1970's it was recognized that a 
large class of hydrocarbon reservoirs have anomalous 
seismic response that can be employed to infer the pres­
ence of hydrocarbons. Figures B.5.1A and B.5.1B show 
such response on a strike line and dip line, respectively, 
intersecting over a known offshore gas accumulation in a 
sandstone reservoir of Miocene age. 

The example shown in Figure B.5.1 is representative of 
bright-spot technology as it is most commonly used today. 
The presence of gas in poorly consolidated sediments (of­
ten geologically young and of shallow to medium depth of 
burial) alters the acoustic properties by dramatically low­
ering the acoustic impedance; the effect is most evident 
on high-quality data (often collected off-;hore). 

This paper summarizes briefly our understanding of 
how the sediment acoustic properties are altered by hy­
drocarbon presence and discusses some details of inter­
preting seismic bright-spot anomalies, especially with re­
gard to verifying that the anomalous event is associated 
with low impedance and estimating the thickness of this 
low-impedance sedimentary unit. 

EFFECT OF HYDROCARBONS ON ACOUSTIC 
PROPERTIES 

For reservoir rocks with approximately equidimensional 
(as opposed to elongated) pores, the Geertsma-Gassmann 
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formulation•- 4 provides a convenient mechanism for con­
ceptual as well as quantitative analysis of fluid effects on 
rock properties. In this fonnulation, the p-wave velocity 
of a fluid-filled porous rock is given in terms of the elastic 
moduli of the rock frame when the pores are empty and 
the elastic properties of the pore fluid or fluids. 

Consider a rock in which the pores contain water and a 
second fluid, such as gas or oil. The Geertsma formulation 
of the Gassmann equation describes the p-wave velocity 
of the rock as a fi.mction of eight parameters: 

V = V(q,, c,, u, s •.• p ... , c,., p, c), 

where q, is porosity; c,, u are the "pore-volume" compres­
sibility and the Poisson ratio of the dry rock frame, respec­
tively, which is just a convenient way to express the hulk 
and shear elastic moduli of the rock when the pores are 
empty; s •. is the volume of pore space that is water­
saturated; p,. and c,. are the density and compressibility of 
the fonnation water; and p and c are the density and com­
pressibility of the second formation fluid. 

Figure B.5.2 shows some cakulations using the 
Geertsma equation. The velocity in the fluid-saturated 
rock is shown as a function of water saturation, from 0 (100 
percent gas saturation) to 1 (100 percent water saturation). 
Both curves in Figure B.5.2 result from using properties 
for water and dry gas (methane) corresponding to normal 
pressure at a depth of 6000 ft in a young deltaic environ­
ment.5 For each curve, the porosity is 33 percent. For the 
curve labeled "unconsolidated," the elastic moduli of the 
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LINE 8 

LINE A 

FIGURE 8 .5.1 (A) Strike line over known ga.~-sand at about 1.6 sec, extending approximately from shotpoint 40 to 50. Gas pay thickness equals 80ft at SP 44. Tie 
with line 8 is indicated. (8) Dip line over same !(as-sand a .. ~ in (A). Tie with line A is indimted. (Courtesy of Gulf Sdem:e and Tedmolo~tr Company.) 
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FIGURE 8.5.2 Calculated velocity versus water saturation in 
two reservoirs differing only in degree of consolidation of rock 
frame. Porosity = 33 percent in both cases. (Courtesy of Gulf 
Science and Technology Company.) 

rock frame correspond to completely unconsolidated sand 
pa<:kings (after Gardner and Harris8 ). For the curve 
labeled "semi-<:onsolidated," the rock-frame elastic mod­
uli are taken from measurements on a ~1ississippi Gulf 
Coast sandstone (Frio of Oligocene age7). 

Note from Figure B.5.2 that the effect of gas in the un­
mnsolidated reservoir is to reduce the velocity from 7300 
ftlsec at 100 percent water saturation to 5200 ftlsec for 20 
percent water (80 percent gas) saturation. This dramatic 
drop in velocity is primarily responsible lor the anoma­
lous strength of seismie refle<:tions from the top and base 
of the gas-saturated reservoir. For the scmiconsolidated 
reservoir, Figure B.5.2 shows that the velocity drops from 
8300 ftlsec for 100 percent water saturation to 7200 ftlsec 
for 20 percent water (80 percent gas) saturation. This lat­
ter effect may be detectable, although other lithologic var­
iations of comparable magnitude are expected in a 
sedimentary sequence. Also remember that, in addition to 
the velocity effe<:t, the density of the fluid-saturated rock 
decreases linearly with increasing gas saturation, con­
tributing to the lowering of acoustic impedance. 

Table B.5.1 lists representative <:alculations of decrease 
in reservoir velocity due to the presence of gas, for the 
extreme limits of consolidated and fully consolidated 
(well-cemented) sandstone. Table B.5.2 shows the corre­
sponding reflection coefficients lwtween gas-sand and 
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TABLE B.5. l Typical Theoretical \' docity Anomalit's 
in f't!scc 

Gas Uneonsolidatt-d \\'ell Cemented 

Shallow 3000 750 
Nonnal 2200 750 
Deep 1700 750 

water-sand, taking into account the density effect in addi­
tion to the veloc·ity decreases of Table B.5.1. 

Figure B.5.3 further demonstrates the magnitude of the 
reflection anomaly resulting from the above theory. The 
synthetic seismogram labeled A was constmcted from a 
well in the vieinity of the profilt's of Figure B.5.l, with 
water-sand vdocities at the position of the reservoir sand 
of interest, near 1.6 sec; the synthetic labeled B has been 
constm<:ted by replacing this water-sand velocity by an 
appropriately calculated gas-sand velocity. Note that the 
corresponding reflection amplitude is the largest event on 
the seismogram. 

INTERPRETATION OF BRIGHT-SPOT RESPONSE 

In interpreting hright-spot response on seismic profiles, 
we will make the assumption that the processing has done 
an adequate job of recovering true amplitude primary re­
flection coefficients with known phase. Seismic process­
ing is covered in detail by Mathieu in this Appendix 
(paper B). Processing features that are of particular con­
cern to bright-spot interpretation include: 

Spatial and temporal gain adjustments, to recover relative 
refle<:tion strengths; 

Deconvolution, to estimate and remove the effe<:tive 
seismic wavelet; 

COP compositing to enhance primary refle<:tion events 
rdative to other arrivals; 

Final bandpass filtering with a wavelet of known shaP<' 
(e.g., a zero-phase bandpass filter) . 

Commonly, a potential hydrocarbon-related se1smic 
event is first dete<:ted on the has is of anomalously strong 
amplitude response. This detection is nonnally qualita-

TABLE B . .5.2 Typical Theoretical Reflection 
Coefflcitc•nts (Watt'r Sand-Pay Sand) 

Gas 

Shallow 
l\nrmal 
Del'P 

lflll'OilSOiiJatt.'d 

0.31 
0.22 
0.16 

0.06 
0.05 
0.0.5 
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FIGURE 8 .5.3 Synthetic seismograms for a well near the 
bright spot of Figure 8.5.1. Seismogram A is calculated with 
water-sand velocity at sand of interest near 1.6 sec; seismogram 8 
is with insertion of calculated gas-sand velocity at position of 
sand of interest. (Courtesy of Gulf Science and Technology 
Company.) 

tive from true-amplitude seismic displays but may in­
volve special postprocessing displays or quantitative data 
analysis . Further high grading beyond amplitude analysis 
may involve: 

Verification that the rellection is of the expected polarity. 
from an anomalously low-, rather than anomalously 

high-impedam:e layer (t/w latter may be associated 
with carbonate, basalt, calcareous sandstone. etc.); 

Estimation of the thickness of the low-impedance zone; 
Search for confirming evidence. such as "llat-spots." 

phasing at tennination of events, and auomalously low 
seismic vl'locity. 

Polarity and thickness estimates normally involve di­
rect or inverse seismic modeling. To a lowest approxima­
tion, a single gas-saturated, poorly consolidated reservoir 
is simply a zone of constant, low impedance, in a medium 
of uniform higher impedance. To this approximation, the 
expected seismic response can be modeled simply. Fig­
ure B.5.4 shows the synthetic response of a series of iso­
lated low-impedance zones of thickness ranging from 4 to 
40 msec hvo-way time (12- to 120-ft thickness at a gas­
sand veloc·ity of 6000 ft/sec); the response modeled <:on­
sists of primary reflection t•oefficients only, with a zero­
phase filter having a bandpass from 6 to 40 Hz. Both po­
larity responses are shown. 

If the seismic data acquisition and processing are suffi-
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FIGURE 8.5.4 Modeled synthetic response to low-impedantt 
zones, simulating gas-sands of varying thicknesses. Response is 
primary reflections only, zero-phase filte red in the hand 6-40 
Hz. both polarities displa~·ed. (Courtesy of Gulf Sden<·e and 
Technology Company.) 
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FIGURE 8.5.5 (A) The appropriate thickness model of Figure 8.5.4 is displayed at lot·ation of well penetrating 80-fi: gas-sand. Seismic data are assumed to he nega­
tive-polarity convt•ntion. (8) The appropriate thickn(•ss model of Figure 8.5.4 is displayed at projection of well penetrating 80-ft gas-sand. Seismic data are assumed 
to he negative-polarity cmwention. (Courtesy of Gulf Science and Technology Company.) 
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ciently well understood to predict the polarity of the pro­
cessed seismic section, then the above models can be 
used to discriminate low- from high-impedance zones. 
For example, if the processed data are negative-polarity 
convention, zero-phase filtered 6-40 Hz, then the ex­
pected gas-sand response is as shown in the "negative 
polarity" displays of Figure B.5.4 (i.e., strong black on top 
of strong white reflection); high-velocity units would 
have opposite polarity (white above black, just as for the 
"positive-polarity" displays) . 

The models of Figure B.5.4 can also be used for thick­
ness estimation by direct comparison with the observed 
bright spot. Figure B.5.5 shows that the bright spot of 
Figure B.5.1 compares closely to the 28-msec (84-ft­
thickness) model; the position at which the comparison is 
shown in F igure B.5.5 corresponds to a well that pene­
trated an 80-ft gas-sand at that horizon. 

If the reservoir has a fluid contact (gas-oil or gas-water) 
we might expect a corresponding event that is constant in 
depth, and therefore approximately constant in time-a 
"flat spot." The dip line of Figure B.5.1B shows some 
indication of a flat spot at the bright spot of interest, and a 
gas-water contact was found in drilling. 

If, for the geological section under study, the acoustic 
impedance of the water-saturated leg of the sand is ex­
pected to be higher than the impedance of the encasing 
shales, then the bright spot should exhibit a lateral phase 
reversal at each terminating edge; this results from the 
lateral impedance change from very low to slightly high, 
relative to the shales. There is some evidence of such 
phasing at the termination of the bright spot of interest in 
Figure B.5.1A. 

If the gas-sand is thick, we might expect an observable 
anomaly in seismically derived interval velocity. With 
dense velocity analysis in good data areas, and careful 
analysis of velocity resolution accuracy relative to the size 
of the expected anomaly, the seismic velocity can be an 
additional high-grading tool; it is of particular importance 
as an amplitude-independent indicator. 

DISCUSSION 

The brief exposition given above is intended to empha­
size aspects of bright-spot interpretation that are now in 

everyday use by explorationists working in young 
Cenozoic clastic basins. It should be mentioned, how­
ever, that much current effort by petroleum <:ompanies 
and geophysical contractors is directed toward continued 
advances in this state of the art. Data-acquisition and 
-processing advances include high-resolution work, espe­
cially to obtain higher-frequency response; in terms of the 
thickness models discussed above, this is directly trans­
latable into improved stratigraphic resolution. Interpreta­
tive process ing advances include inverse seismic model­
ing as an alternative to the trial-and-error direct modeling 
discussed above. Advanced analysis attempt'> to detect 
effects of oil, hydrocarbon effects in better-consolidated 
sediments, and lithologic discrimination. 

The seismic processing goal, to recover primary reflec­
tion coefficients with correct amplitude and phase, was 
mentioned only in passing. However, the bulk of bright­
spot research during the past five years has been directed 
toward this end. There is still much improvement to be 
made in data-acquisition technology and in postprocess­
ing data analysis, and these cannot be separated from data 
processing; however, perhaps our greatest current restri<:­
tions in the area of direct detection of hydrocarbons and 
lithology stem from our limited ability to tum recorded 
seismic data into subsurface mapping of a<.'Oustic impe­
dance. 
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B.6 
Use of Shear Waves 
in the 
Offshore Environment 

M. D. COCHRAN 

Present-day seismic exploration makes use of only part of 
the available information. Only the compressional waves 
(P-waves) are analyzed. All other energy is considered 
noise, and great efforts are made to eliminate it. Part of 
this so-called noise does, however, contain additional in­
dependent information that might yield additional 
parameters to be used in defining the geology of the sub­
surface. A P-wave impinging on an interface between 
elastic media will not only produce reflected and trans­
mitted P-waves, it will also produce reflected and trans­
mitted shear waves (5-waves). While the P-wave data 
yields information as to the behavior of the media under a 
compressional stress, the 5-wave data will give infonna­
tion as to the behavior of the media under shear stress. By 
combining these two sets of data, one should be able to 
define fully the elastic behavior of the media and, hence, 
be able to better predict the lithology, fluid content, and 
porosity of the rocks in the subsurface. In addition, in 
certain engineering applications-drilling and founda­
tion stability studies- the shear properties of the 
medium are more important than the compressional 
properties. 

In the late 1950's and early 1960's there was a great deal 
of interest in use of shear waves for oil exploration . It was 
hoped that, as they traveled at about one half the speed of 
P-waves, 5-waves would allow one to obtain higher reso­
lution (i.e., at a given frequency, the 5-waves would have 
a shorter wavelength and, hence, be able to resolve thin-
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ner beds). Unfortunately this was not the t·ase; because 
energy lost as a result of anelastic attenuation in the sub­
surface is inversely proportional to wavelength, the resolu­
tion was no better than that for P-waves. Because of addi­
tional difficulties in generating, ret·ording, and analyzing 
5-waves, research in this area was dropped (Cherry and 
Waters, 1968; Erickson et al., 1968). 

In the last ten years, technological improvements have 
ehanged the picture. Seismk data are no longer used only 
to obtain the geometrical configuration (i.e., stmch1re) of 
the subsurface; they are now being used to predict the 
lithology in the subsurface-rock type, fluid content, 
porosity. This t·hange in focus has rekindled interest in 
5-waves, as they t·an supply additional parameters for use 
in lithologic prediction. One should note that most of the 
information as to the nahue of the interior of the earth is 
based on shear-wave data from earthquakes. An indka­
tion of the renewed interest in S-waves is Conot·o' s pro­
posed shear-wave group shoot, which was begun in early 
1977; most major oil companies have joined. 

From P-wave seismk data one can estimate the P-wave 
velocity distribution in the subsurface and hence part of 
the elastic behavior of the material in question, i.e ., its 
behavior in compressional stress. The P-wave velodty 
data do not, however, give any insight as to the behavior 
of the material under shear stress; this is given by the 
shear-wave velodty of the medium. While the P-wave 
velocity can be used to discriminate lithologies, it is 
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FIGURE B.6.1 Shear velocities of unconsolidated sands­
brine saturated and dry. (After Hamilton, 1976.) 

highly dependent on the fluid content of the rock in ques­
tion (Figure 8.6.1); in fad this is the basis of the bright­
spot technique, i.e., presence of hydrm:arbons lowers the 
P-wave velocity. As a result, it is often difficult to separate 
lithologic changes from fluid changes. The shear velocity 
on the other hand, while dependent on lithology, has the 
added advantage of being relatively independent of fluid 
content (Figure 8.6.1). As such, in addition to giving one 
another lithologically dependent parameter with which to 
discriminate lithology (and, hem:e, improve our discrimi­
nation by a factor on the order of 40 percent), it will allow 
one to predict both lithologic changes and fluid changes. 
While the experimental evidence is not conclusive (ex­
tensive measurements have been made only on 
sandstones and carbonates), it bears this out (Figure 
8.6.2); the Vp/Vs ratio appears to he fairly constant for a 
given lithology. More measurements on other sedimen­
tary rocks of interest (salt, rock, and shale) are, however, 
requirt>d. 

In addition, to describe htlly the elastic behavior of the 
substratt• f(>r engineering studies (e .g., earthquake stabil­
ity of structures and drilling) the shear properties of the 
substrate are of paramount importance both onshore and 
offshore. The drillability of the substrate is also depen­
dent on the shear properties of media. These shear prop­
erties would be easily estimable from shear-wave velocity 
data. 

Whilt> it is reasonably easy to generate and record 
S -waves on land, tht> problt>m is more difficult oflshore. 
\Vatt>r does not transmit shear strt>ss; henl·e ont> cannot 
generate and rt•l·ord pure shear waves in a marine seismic 
survey. One can, however, rt•l·ord waves that have 
tra,·eled through to substrate as S-wan•s. The P-waves 
will l·om·ert part of their energy to S-waves upon reflec­
tion and transmission at an interface between elastic 
media. Therefore, a P-wave generated in the water will 

convert some of its energy at the sea bottom to S-waves; 
this wave energy will be transmitted down into the suh­
strate, he reflected hack to the sea bottom, converted to 
P-waves, and recorded. In addition, at each reflecting 
interface in the substrate, the impingingP-waves will also 
convert some of their energy to S-waves, both refleded 
and transmitted. Because of this, much of the energy re­
corded asP-waves at the surface even in the marine envi­
ronment are converted waves (i .e ., for part of their reflec­
tion path they traveled asS-waves) and c·ontain informa­
tion as to the shear properties of the subsurface. Hereto­
fore, we have considered these converted waves to be 
noise and have assiduously attempted to attenuate them. 
One can, however, as Tatham and Stoffa (1976) point out, 
design the recording and processing to emphasize these 
waves and extract the relevant information-S-wave 
interval velocity and S-wave reflection amplitudes-for 
use in lithologic prediction. 

In summary, recent experimental work has suggested 
that by using S-wave data to augment P-wave data one can 
improve one's prediction of the subsurface lithology, type 
fluid content, and porosity. While the generation andre­
l'Ording of primary shear waves are relatively easy on land 
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FIGURE B.6.2 VpNs ratios for various common sedimentaJ)· 
rocks (based on a collation of various laboratory and field mea· 
suremt>nts). (Courtt>sy of Gulf Science and Technology Com· 
pany.) 
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and impossible in the marine environment, ont• can oh­
lain shear-wan· infimnation ti·mn marine seismic Slll"\'t•ys 
hy makin~ use of conn•rtt•d wm·es. In the past, these con­
verted waves have heen considered noise and attenuated 
in recordi n~ and processing; hy changing the recording 
and processing parameters one can emphasize these con­
\erted w;n·es and extract the S-wan• velocities and reflec­
tion amplitudes. The improved lithologic prediction 
should allow one to hetter n•constmct the geological his­
tory of the <.·tmtinental shelves and improve our ahility to 
estimate their economit.· resources. 

In addition, improdng lithologic prediction, the 
knowled~e of the shear propet1ies of the substrate should 
aid in engineering studies fi1r onshore structures and in 
improving drilling technitJues. 

Shear Wares in the Offy/wre Endronment 275 

REFERENCES 

Cherry, J. T ., and K. H. Waters (1968). Shear wave rt"eonling 
using continuous signal methods, Part 1-t•arly dcn·lopnwnt, 
Geophysics 33, 229-239. 

Erickson, E. L., D. E. Miller, and K. H. Waters (l96H). Slwar 
wave recording using eontinnm1s signal methods, Part 11-
later experimentation, Geophysics 33, 240-254. 

Hamilton, E. L. (1976). Shear wave velodty versus depth in 
marine st•diments: :\ rPview, Geoph!!Sics 41, 9H5-996. 

Tatham, R. H., and P. L. Sto!Ta (1976). VpNs-A potential hy­
drocarbon indicator, Geophysics 41, 837-849. 

Copyright © National Academy of Sciences. All rights reserved.

Continental Margins:  Geological and Geophysical Research Needs and Problems
http://www.nap.edu/catalog.php?record_id=19863

http://www.nap.edu/catalog.php?record_id=19863


APPENDIX 

L. L. RAYMER 

Well Logging 

B.7 

Most present-day well logs are nm in boreholes drilled 
for the pmpose of finding oil or gas in commercial 
amounts. From the dozens of logging services now avail­
able, the most appropriate ones are selected by the 
operator to fum ish the information needed about the sub­
surfa<:e formations penetrated by the borehole. The well 
logs and wellsite interpretations allow the oil company to 
make rapid and reliable short-range completion de<:i­
sions. However, the detection of potential oil and gas 
produdion is only one aspect of log interpretation. Well 
logs and the answers that can be obtained from them 
through appropriate interpretation techniques are often 
the most efficient means of reservoir evaluation. 

The evaluation of a reservoir requires knowledge of 
such things as the struchtral relationship of the strata from 
one well to another, the thicknesses of the various strata, 
the identification of penneable beds, the pore volumes of 
the rock, the type of fluids contained within the pores, the 
produdbility of these fluids, and the reservoir pressure. 
Although these parameters cannot yet he measured di­
rectly, they can be obtained by quantitative log interpre­
tation, that is, the transfonnation of log data (resistivity, 
density, sonk transit time, etc.) into the desired fom1ation 
parameters through the use of appropriate petrophysical 
relationships . 

For rapid and reliable short-range decisions, numerous 
logs and wellsite (or quick-look) interpretation tech­
niques are available. Each is tailored for a partkular set of 
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drilling and fonnation conditions. They are primarily de­
signed for manual use to obtain lithology identification, 
avemge porosity values, hydrocarbon detection, average 
water saturation values, and oil-water and/or gas-oil con­
tacts. 

However, when using log data for reservoir evaluation 
on a foot-by-foot basis, the amount of data to be pro<.-essed, 
as well as the speed required, necessitates the use of 
computer-oriented techniques. 

In this discussion we will be able to touch on only a few 
of the uses of well logs and interpretation techniques. 
Anyone who wishes to go into the subject in greater detail 
is referred to the bibliography listed at the end of this 
paper. 

WELLSITE TECHNIQUES 

For decisions that usually are made at the wellsite, infor­
mation needed includes porosity, lithology, and fluid con­
tent of the formation. 

POROSITY-LITHOLOGY 

Porosity from well logs is usually determined using sonic, 
density, and/or neutron logs. The readings of these logs, 
however, depend not only on porosity but also on fomla­
tion lithology and the type of fluid in the pore space. 
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FIGURE B.7.1 Neutron-density crossplot, showing "standard" 
matrix lines. (Courtesy of Schlumberger-Doll Research Center.) 

Thus, when the matrix-lithology pammeters (transit time 
of the matrix material, llt ma. the hulk density of the matrix 
material, Pma• and the neutron index for the matrix mate­
rial, c/>.,·ma) are known, correct porosity values can be de­
rived from these logs in clean water-filled formations . 
Under these conditions a single log, either neutron, den­
sity, or (if there is no secondary porosity) sonk, should 
suffice to determine porosity, q,. When the matrix lithol­
ogy is unknown or consists of two or more minerals in 
unknown proportions, al·cuntte porosity determination 
becomes more difficult. The interpretation is further 
l'Ornplicated when the pore fluids in the portion of the 
formation investigated hy the tools differ appreciably 
from water. 

Sonic, density, and neutron logs respond differently to 
the different matrix compositions and to the presence of 
gas and light oil. Thus, combinations of these tools fur­
nish more information about the formation and its con­
tents than can be derived from a single log. For example, 
if a formation consists of only two known minerals, a pair 
of porosity logs, one of which is usually a neutron, will 
suffice to determine the proportion of the minerals in the 
rock matrix and to determine a better value of porosity. 
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For more complex lithologies, up to four unknowns (in­
cluding porosity as an unknown) can frequently be re­
solved by use of all three porosity logging devices. 

Crossplots are convenient to display both porosity and 
lithology information when two porosity logs are avail­
able. Figure B.7.1 is an example in whkh density and 
neutron porosities are crossplotted on linear scales. When 
the matrix lithology is a binary mixture (e.g., quartz-lime 
or lime-dolomite), the point plotted from the log readings 
will fall between the corresponding lithology lines, thus 
allowing one to determine porosity as well as the propor­
tions of the two minerals making up the rock matrix . 

When the makeup of the formation is more complex, 
indications of lithology, gas, and secondary porosity can 
often be seen by use of the 1\UD (matrix identification) 
plot. In this technique, "apparent matrix pammeters," 
(Pma), and (At,~,),, are obtained by use of appropriate 
neutron-density or sonic-neutron crossplots such as 
those shown as Figures B.7.2 and B.7.3. These values are 
then used to enter the 1\UD-plot l'hart of Figure B.7.4. On 
this example chart, the most common matrix minerals 

--..... u • .. 
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CNL Neutron Porosity, p.u. 

Sonic-CNL Chart. 

FIGURE 8.7.2 Neutron-sunk ~110 t·hart, fi>r dett•nnination of 
"apparent" matrix transit time (4t,.nln · (Courtesy of 
Schlumberger-Doll Research Center.) 
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CNL Neutron Porosity, p.u. 

FIGURE 8.7.3 Neutron-density MID chart, for determination of 
.. apparent"' matrix hulk density (p,.4 ) 4 • (Courtesy of 
Schlumberger-Doll Research Center.) 

(quartz, calcite, dolomite, anhydrite) plot at the positions 
shown. Mixtures of these would plot at locations between 
the corresponding pure mineral points. And other miner­
als of known characteristics can be plotted. 

Lithologic trends may be seen by plotting many levels 
over a zone and observing how they are grouped on the 
chart with respect to the mineral points. A typical exam­
ple is shown as Figure 8 .7.5. From the points plotted, it is 
obvious that the zone is primarily a carbonate with sec­
ondary porosity, but it also contains some salt and anhy­
drite. 

SATURATION AND HYDROCARBON MOVABILITY 

A wide diversity of procedures has been developed to (1) 
show which permeable zones have potential interest; (2) 
derive a fairly accurate value of water saturation, S.,. (and 
thereby hydrocarbon satumtion); and (3) give some valu­
able information about hydrocarbon movability. 

Saturation evaluation is based eventually in one form or 
another on the Archie satumtion formula, which for clean 
formations is Su·" = FRu.!R,. S,.. is the water saturation of 
the formation, the saturation exponent n is nearly always 
taken equal to 2, F is the formation resistivity factor, R •. is 
the resistivity of the fonnation water, and R, is the resis­
tivity of the virgin fom1ation. The fom1ation factor, F, is 
defined as RoiR.-, when Ru is the resistivity of the forma­
tion 100 percent saturated with water of resistivity R., .. F is 

also related to porosity and can be defined as F = llcb"'. 
where the cementation exponent m can usually be taken 
as equal to 2. Therefore, F may be obtained by the use of 
the appropriate F -cb relationship, taking the value of 
porosity from neutron, density, or sonic logs. 

Other wellsite procedures can be classified according 
to the type of logs used, as: 

1. Methods comparing a deep-investigation resistivity 
log with a porosity log. These can provide values of R .. 
and apparent water saturation, s.·a· 

2. f\.lethods comparing resistivity logs of different 
depths of investigation. These provide S .. a values and in­
dications of hydrocarbon movability. 

3. A method comparing a resistivity ratio (from resistiv­
ity logs of different depths of investigation) with the SP. 
This method provides an indication of movable hydrocar­
bcms that is little affe<:ted by shaliness or changes in Rll". 

4. 1\lethods of comparing two or three resistivity logs 
with a porosity log. These provide movable oil plots. 

To illustrate, consider the interpretation of a clean-sand 
formation, <:ontaining oil and saltwater, that was drilled 
using a mud that is less saline than the fom1ation water. 
For this sample case, an adequate logging program should 
include deep resistivity, shallow resistivity, spontan­
eous-potential (SP), gamma-ray (GR), and sonic transit­
time measurements. Since we will be looking at a number 
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FIGURE 8.7.4 !\UD plot, for lithology identification. (Courtesy 
of Schlumberger-Doll Research Center.) 
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FIGURE 8.7.5 Example of a machine­
made MID plot, showing the trends pro­
duced by various formation and borehole 
factors. (Courtesy of Schlumberger-Doll 
Research Center.) 

of zones, it is convenient to use a resistivity-porosity 
crossplot (Figure 8 .7.6). 

For our clean-sand formation, tl.t values from the sonic 
have been plotted versus corresponding values of R, from 
the deep-investigating resistivity log. Values of Str are 
readily obtained for all the zones plotted. 

ticated interpretation techniques are possible and have 
been developed for shaly sands and other complex 
lithologies. 

Logarithmic scaling of resistivity logs is also useful for 
wellsite quick-look presentations, because of the prop­
erties of logarithms. 

Instead of computing an apparent water saturation (5.,.,) 
from deep resistivity and porosity data, the formation fac­
tor, F (obtained from the porosity log), can be recorded 
with logarithmk scaling, directly on the resistivity log. 
s ... a would then be determined by the separation on 
logarithmic scale between F R (F from resistivity-log 
values) and F (from the porosity log) as follows: 

F R is defined as Rd••PIR •. ; thus log F R = log Rd .... P - log 
R.,.. Then the log F R curve is found by shifting the 
logarithmic Rd..,P curve by a distan<.·e R •.. This is shown on 
Figure 8.7.7. The meaning ofF R in terms ofS.,. is seen by 
replacing R,!Rtr (hy use of Archie's relation) to get 
F R = Fts ... z, or, 2log str = log F -log FR. Thus, S..-a (appar­
ent water saturation) can be found from the separation on 
the log F curve from the log F R curve, using the scaler 
shown. 

The interpretation procedures touched on thus far have 
been mainly for use in clean, nonshaly formations and for 
formations whose lithology is relatively simple. As the 
complexity increases, the interpretation becomes more 
difficult. With the availability of computers, more sophis-

COMPREHENSIVE SHALY-SAND INTERPRETATION 

The effect of shaliness on a log reading depends on the 
proportion of shale, the physical properties of the shale, 
and the way it is distributed in the formation . Shaly mate­
rial may be distributed in formations in three possible 
ways: 

1. Shaliness exists in the form of laminae, between 
which are layers of sand. Laminar shale does not affect 
the porosity or permeability of the sand streaks. 

2. Shale may exist as grains or nodules in the fom1ation 
matrix. This matrix shale is tem1ed structural shale and is 
considered to have properties similar to those of laminar 
shale. 

3. The shaly material may be dispersed throughout the 
sand, partially filling the intergranular interstices. The 
dispersed shale may be in the form of act·umulations 
adhering to or coating the sand grains, or it may partially 
fill the smaller pore channels. Dispersed shale in the 
pores markedly reduces the penneability of the forma­
tion. 

All three forms may oc·cur simultaneously in the same 
formation. 
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FIGURE 8.7.6 Resistivity-sonic 
crossplot, showing typical scatter of 
oil- and water-bearing intervals . 
(Courtesy of Schlumberger-Doll Re­
search Center.) 
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The responses of the radioactivity tools (gamma ray, 
neutron, density) are not affected by the way the shale is 
distributed in the formation (whether in laminated, dis­
persed, or stmctural form). However, the responses of 
other logs (resistivity, sonic, SP) are variously affected by 
the shale distribution. 

One shaly-sand interpretation technique uses a silty­
shaly-sand model, in which the shales are assumed to be 
of the laminated , dispersed, and structural types. The 
basic model is suggested by the groupings of the plotted 
points shown in Figure B.7.8. This figure is a typical 
neutron-density frequency crossplot through an interval 

of a sand-shale sequence. Most of the data belong to two 
groups: Group A identified as sands and shaly sands and 
Group B identified as shales. 

The spread of the shale points in Group B along the line 
from Point Q through Point Sh. and Point Cl is explained 
by the fact that shales are considered to be essentially 
mixtures of clay minerals, water, and silt in various pro­
portions. Thus Point Cl corresponds to shales that are 
relatively silt-free, while Point Sh0 corresponds to shales 
containing a maximum amount of silt. 

The shaly sands in Group A grade from shales on Line 
Sh.Cl to clean sands at Point Sd. The shale in the shaly 
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sands may be distributed in various ways. When all the 
shale present is laminar shale, the points will fall on the 
Sd -Sho line. Dispersed shale <.·a uses the points to plot to 
the left of the line. Structural shale <:auses the points to 
plot to the right of the line. 

A computer program has been developed to perform 
the required processing of the method. The technique 
provides a complete continuous analysis of both clean 
and shaly sands. The results are presented as a computed 
log (Figure B.7.9) and as a listing (Figure B.7.10). Outputs 
include the following: 

1. In Track 1, the shale fraction (V,h). 
2. In Track 2, a hydrocarbon analysis consisting of the 

following curves : water saturation (S"), residual hy­
drocarbon volume (c/J • Shr), and residual hydrocarbon 
weight (c/J • Shr ·ph). (Hydrocarbon type (gas or oil) is usu­
ally identifiable by comparison of hydrocarbon volume 
and hydrocarbon weight.) 

3. In Tracks 2 and 3, a differential caliper (caliper 
minus bit size). 

FIGURE 8 .7.7 Use of logarithmic scaling on resistivity log, to 
simplify log calculations. {Courtesy of Schlumherger-Doll Re­
sean.·h Center.) 

4. In Track 3, a porosity analysis showing: porosity (c/J), 
"core porosity" (cb.(W~). bulk-volume water in the invaded 
zone (c/JSr0 ), shown by the outline of the left edge of the 
dotted area, and bulk-volume water in the noninvaded 
zone (f/;S,.), shown by the outline of the left edge of the 
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FIGURE 8.7.8 :'lleutron- de nsity cross­
plot, showing development of shaly-sand 
interpretation model. (Courte sy of 
Schlumhc rger-Doll Research Center.) 
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FIGURE 8 .7.9 Example answer log produced by the shaly­
sand computer program. (Courtesy of Schlumberger-Doll Re­
search Center.) 

white area. "Core porosity" is a computed value of poros­
ity, which usually represents more closely the value of 
porosity from core analysis; it is obtained by adding to cp 
the bulk volume of the water bound to those clays that are 
not laminated. The dotted area in Figure B.7.9 is the dif­
ference, cpS ro - cpS"' which represents "moved hydrocar­
bon" (hydrocarbon displal·ed by mud in\'asion) . The 
darkened area is the difference, cp - cpS ro• which repre-

sents the unmoved (residual) hydrocarbon in the in\'adcd 
zone. 

5. In Track 4, a bulk-volume analysis showing the clay 
fraction (\/.-~8,.), matrix-solids fraction, and the porosity (cf,). 
The matrix-solids fraction includes both the actual matrix 
and the nonclay materials (e.g., silt) in the shales . 

FIGURE 8 .7 .10 Example answer log produl·ed by the 
complex-lithology program . (Courtesy of Schlumberger-Doll Re­
search Center.) 
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Other outputs shown on the listing, Table B.7.1, are 
permeability index, hydrocarbon density (when comput­
able), cumulative porosity feet, and cumulative hydrocar­
bon feet. 

INTERPRETATION IN COMPLEX UTHOLOCIES 

A technique has also been developed that is a general 
interpretation method for complex lithologies. In con­
cept, the technique uses a neutron-density crossplot, as 
discussed previously. However, the procedure is much 
more general and includes, among other things, tech­
niques to handle the presence of shale and hydrocarbons 
and other nonstandard but well-defined minerals. 

A computer program is available to perform the re­
quired processing of the method. The results are pre­
sented as a continuous computed log shown as Figure 
B.7.l0. Outputs shown in the figure include: 

l. In Track 1, the average density of the rock matrix 
(including dry clay), PGa· From this, lithology can be in­
ferred. And if a sonic log is available, a secondary porosity 
index is presented. 

2 . In Track 2, the hydrocarbon-water saturations 
analysis. 

3. In Tracks 2 and 3, a differential caliper (caliper 
minus bit size). 

4. In Track 3, a porosity- fluid analysis showing poros­
ity (cp), bulk-volume water in the invaded zone (ci>Sr.) if an 
R.ro measurement is available, and bulk-volume water in 
the noninvaded zone (cbS .. ). Total hydrocarbons are indi­
cated by the separation, q,- cbS ... moved hydrocarbons by 
the separation, ci>Sro- cbSu·· and water by cpS ... 

5. In Track 4, a formation analysis showing the clay 

TABLE B.7.1 Interpretive Output of Well-Log Analyses 

Permeability Water 
Depth Index Porosity Saturation 
(ft) (md) (%) (%) 

6321.0 0.0 8.5 96 
6322.0 0.6 9.4 67 
6323.0 0.1 9.4 96 
6324.0 0.1 9.6 96 

6326.0 0.1 9.1 94 

6327.0 5 ll.5 34 
6328.0 100 17.9 21 
6329.0 300 22.0 21 
6330.0 100 21.8 28 
6331.0 200 20.2 22 
6332.0 1000 22.8 II 
6333.0 3000 26.9 10 
6334.0 3000 29.6 12 
6335.0 4000 28.0 9 
6336.0 3000 26.6 9 

fraction (Vc~ •.•. ). the matrix-solids fraction, and the porosity 
(cp). 

COMPUTERIZED LOGGING 

The techniques of well logging have grown up around 
analog measurements, recorded on analog equipment. As 
the number of log types grew, each type tended to de­
velop into a modular system using its own unique hard­
ware. The only commonality among systems was in the 
hoisting machinery and cable and in the recorder. 

As the advantages of digital data-processing methods 
emerged, a need became evident for a new, integral log­
ging system. The objectives were defined: 

Reduce the operator burden caused by dozens of com­
plex, dissimilar operating procedures. 

Take full advantage of digital methods for log-data 
acquisition, storage, processing, transmission, and pre­
sentation. 

Remove the logging-speed limitation imposed by analog 
recording. 

Provide increased wellsite log computation capability. 

In Schlumberger, the consummation of this effort is a 
completely new logging system called csu. Figure B.7.ll 
is a functional block diagram, minus many redundant 
functions and special features that contribute to reliabil­
ity. 

The csu system is built around a high-speed mini<:om­
puter, which uses preprogrammed operating routines, 
stored on magnetic tape, to simplify and expedite logging 

Hydrocarbon 
Density 
(glee) 

0.1 

0.2 
0.2 
0.2 

Clay 
(%) 

42 
38 
39 
46 

44 

38 
26 
28 
19 
11 
6 
4 
0 
0 
1 

Cumt;lative Cumulative 
Porosity Hydrocarbon 
(ft) (ft) 

217.19 97.06 
217.10 97.04 
217.00 97.02 
216.91 97.01 

216.75 97.01 

216.65 96.98 
216.52 96.89 
216.32 96.73 
216.10 96.56 
215.89 96.40 
215.68 96.24 
215.44 96.0~ 

215.16 95.77 
214.87 95.51 
214.59 95.26 
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FIGURE 8 .7.11 Functional schematic diagram of the csu log­
ging system. (Courtesy ofSchlumberger-Doll Research Center.) 

operations (csu is a trademark of the Schlumberger-Doll 
Research Center). 

The various signal conditioning and processing func­
tions are accomplished in common for all tools by a gen­
eral electronics unit. Only the minimum possible cir­
cuitry, contained in a small semipennanently mounted 
module, is specific to a given service. Careful program­
ming allows the operator to interact with or override the 
programs by means of the keyboard printer. A storage CRT 

provides a display of selected log intervals, data tables, or 
parameter options as desired. And log-analysis programs 

permit on-site log computations of unprecedented speed 
and thoroughness. 

The more important advantages of the CSU system are 
the following: 

Reduction of rig time needed for logging. 
More accurate and consistent logs. 
Wellsite log playback on different scales, options, etc., 

using no rig time. 
Real-time video log display. 
Wellsite computed logs. 
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APPENDIX Research V esse I Hollis Hedberg: 

c Exploration Capabilities 

GULF OIL CORPORATION 

INTRODUCTION 

Although Gulf Oil Corporation has been exploring for and 
producing oil from water-covered areas for nearly 50 
years, it was not until late 1966 that Gulfs management 
approved a long-range research project designed to im­
prove exploration techniques in the world's oceans. 

Providing the impetus for this new thrust in exploration 
was Hollis D. Hedberg, formerly Vice President for ex­
ploration and currently Gulf Exploration Advisor. The 
principal component of the new program, as envisioned 
by Dr. Hedberg, was a ship-mounted exploration system 
capable of generating technically optimal data for making 
exploration decisions. 

The program began to unfold in early 1967, when Gulf 
signed a contract to operate what was said to be the 
world's largest private oceanographic ship. A converted 
fishing trawler, the 220-foot-long ship was christened in 
October 1967 as the RIV Gulfrex (representing Gulf Re­
search and Exploration) and set sail from West Palm 
Beach, Florida, for South America waters. 

Foremost in the minds ofGulfrex planners was the cre­
ation of a completely mobile, self-contained exploration 
system, capable of traveling to all marine areas of the 
world and, in addition, serving as a laboratory for both 
basic and development research in marine geology and 

285 

exploration systems (including data gathering, process­
ing, and interpretation). 

When the christening of the first research vessel was 
held in 1967, it was hailed as the first endeavor of its kind 
ever undertaken by a private corporation. The Gulfrex 
had the distinction of being equipped with the first <:om­
mercial satellite navigation system and was the first fully 
integrated multisensor marine geophysical gathering and 
processing vessel. 

During its seven-year history, the Gulfrex program has 
led to the discovery of several successful wells and has 
brought to the attention of Gulf and host governments 
numerous new potentially petroliferous basins. Its use­
fulness has not been limited to Gulf scientists alone, as 
data from the Gulfrex program have aided joint Oceano­
graphic Institutions Deep Earth Sampling (JOIDES) pro­
gram in its Deep Sea Drilling Project, provided computer 
processing techniques to Lamont-Doherty Geological 
Observatory, and advised the National Science Founda­
tion on ways to improve the effectiveness of government 
oceanographic surveys. Data gained through the Gulfrex 
program have also been presented to various government 
agencies and have been instrumental in producing a more 
realistic government stance as to the desired national 
jurisdiction over subsea mineral resources. 

Based on the overwhelming success of the Gulfrex and 
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because of the impending worldwide petroleum shortage, 
Gulf's management decided in 1972 to construct an en­
tirely new research vessel. As a result of this decision, the 
R1V Hollis Hedberg was launched in May 1974. It repre­
sents a $6 million investment. The vessel was designed 
from the keel up to be the most modem marine geophysi­
cal research platform in the world and is the only vessel of 

· its kind equipped with a complete onboard seismk data­
processing capability. 

The RIV Hollis Hedberg is patterned after the R!V Gulf­
rex, but several desired improvements and modifications 
have been incorporated into its design. It is wider and 
more stable with better handling characteristics. Hull 
reinforcement permits operation in higher-latitude areas. 
Laboratory space has been more than doubled in size, and 
working space on the fantail has also increased. For in­
creased low-frequency energy content and concomitant 
dt-eper penetration, air guns are used on the RIV Hollis 
Hedberg instead of the gas exploders as on the RIV Gulf­
rex . The magnetic gradiometer should greatly improve 
magnetic interpretation by enabling the removal of the 
diurnal variations in the earth's field. The addition of 
Loran C and provision for other radio-navigation instru­
ments to be readily integrated into the positioning system 
increase the accuracy of the navigation system, which be­
fore was rt-garded as the best commercially available. An 
improved and expanded hydrocarbon analyzer permits 
digital logging and a more sophisticated geochemical in­
terpretation. 

The R/V Hollis Hedberg is a self-contained marine re­
search laboratory, capable of operating 24 hours a day for 
periods up to 60 days. The vessel is operated by the Ex­
ploration and Production Division of Gulf Research & 
Development Company, under the direction of Gulf Oil 
Exploration and Production Company. 

Since the inception of the Gulfrex program, the ships 
have logged more than 300,000 nauti<:al miles and have 
collected more than 175,000 nautical miles of multichan­
nel seismic data. 

. ...... 

••• 

SYSTEM CAPABILITY 

SHIP CAPABILITY 

Figure C.1 is a photograph of the RIV Hollis Hedberg as it 
departed Vancouver, Canada, in May 1974 on its maiden 
cruise . Table C .1 lists operational and exploration 
capabilities. Vessel length is 61.6 m (202ft), beam is 12.8 
m (42ft), and its gross tonnage is 1360 tons . The ship has a 
cruising range of 9000 miles with an endurance of up to 
60 days. 

The main laboratory has over 100 sq m (1100 sq ft) of 
area. Additional work space is also provided for data 
analysis, preparation of maps (Figure C .2), scientific 
equipment storage, etc. 

Figure C.3 is a 'photograph of the ship's wheel house, 
and Figure C.4 shows the radio room equipped with the 
latest, most modem radio communication equipment. 

Provision has been made for a crew of 16 and a techni­
cal staff of up to 34. A Gulf Chief Scientist and at least two 
Gulf geophysicists are onboard at all times to provide al­
most real-time interpretation of the data. In addition, 
room is available for visiting scientists. 

The worldwide operating range of RIV Hollis Hedberg 
is shown in Figure C .5. 

DATA ACQUISITION AND PROCESSING 

Figure C.6 schematically illustrates the basic onfiguration 
of the vessel and the exploration systems. A block dia­
gram of the complete data-acquisition and -processing 
system is shown in Figure C.7. Table C .2 gives the manu­
facturer and model number of the scientific instruments. 

Seismic Energy Source and Sensors 

The seismic energy source consists of two air guns, whose 
volume can be varied from 13,100 to 32,775 cu em (800 to 
2000 cu in.), whi<:h operate at a maximum pressure of 

FIGURE C.l Research Vessel Hollis 
Hedberg. 
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FIGURE C.2 Data interpretation office. 

13.78 MPa (2000 psi). Four 8.5 cu m/min (300 cfm) com­
pressors supply sufficient high-pressure air to fire the 
guns at a maximum 8-sec rate. 

One of these air guns (at 32,775-cu-cm volume) gener­
ates a peak pressure of approximately 7 bar-meters and at 
a 9.1-m (30-ft) tow depth is equivalent to 0.8 kg (1% lb) of 
60 percent dynamite. Figure C.8 is a photograph of the 
R/V Hollis Hedberg showing the bubbles rising from the 
air guns. Figure C.9 shows the air guns being launched. 

The two-mile-long seismic streamer consists of 48 sec­
tions each 67 m (220 ft) in length containing 26 accelera­
tion cancelling hydrophones per group in a tapered array 
with a frequem:y passband from 4.5 to over 200 Hz. Com­
pliant decoupler sections are used in front of and behind 
the active sections to mechanically isolate the cable from 
the ship and attenuate towing noise. Up to 12 automatic 
depth controllable birds are used on the streamer to es­
tablish any desired towing depth down to 30.5 m (100 ft). 

FIGURE C.3 Wheel house . 

FIGURE C.4 Radio room. 

A buoy is employed at the end of the cable to determine 
the average azimuth of the streamer with respect to the 
ship's course. 

For high resolution of a shallow geological section, the 
two streamer sections closest to the ship can he replaced 
by six groups of shorter length. Each of these short sec­
tions contains 20 acceleration cancelling hydrophones 
and is 10.7 111 (35ft) in length . The recorded data can be 
used either for single-channel coverage or 200 percent 
coverage. A change back to 48-channel recording can be 
made with a minimum of operational difficulty any time 
the recording of high-resolution data is not required. 

Refraction seismology is accomplished through use of 
expendable sonobuoys with the data telemetered to a re­
ceiver onboard the vessel. A range of up to 26 km ( 14 nm) 
is possible using two air guns. Using the streamer, reflec­
tion data are recorded concurrently with the refraction 
infonnation. The sonobuoy data also provide normal 
moveout information for use in one of the methods avail­
able for determining average reflection velocities. 

Seismic Amplifiers and Digital Magnetic Tape Recorders 

A Globe Universal Sciences (GUS) seismic system em­
ploying binary gain ranging amplifiers is used in di­
gital recording. In Figure C .lO, the GUS electronics are 
shown in the middle. The high-density digital recorder 
(HDDR) is shown on the right. This tape unit records data 
at 8000 bits per inch of tape in a unique 14-track sequen­
tial format. Only one track is recorded at a time and thus 
avoids the skew problems that obviously limit the pack­
ing density of 9-track tape recorders. An oscillograph 
camera (shown on the left in Figure C.lO) presents raw 
seismic data from each of the 48 channels and is also used 
to monitor the stacked (up to 48-fold) data and trace 
gathers . 
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TABLE C.l Data Sheet-RJV Hollis Hedberg" 

Vessel Characteristics 
Length 
Beam 
Mean draft 
Gross tonnage 
Registered tonnage 
Engines 

Generators 

61.57 m (202 ft) 
12.80 m (42 ft) 
4.27 m (14 ft) 
1360.20 tons 
893.91 tons 
2-GM 1454-kW 

(1950 SHP), 800 rpm 
2-250 kW 
2-40 kW (regulated) 

Laboratory air conditioning 2-20 ton, air cooled 
Main laboratory space 106.1 sq m (1142 sq ft) 
Sewage disposal unit Northern Purification 

Limited 
Twin props and rudders 
Autopilot 
Ice capability 
Weather map 

ABS'Ciass 1A 
Facsimile receiver 

and recorder 

Radio Transmitting Equipment 
Make Model 
Marconi Conqueror SD CW 

Main and SSB 
Transmitter cw/AM 

SSB/AM/cw 
CW 

Marconi Salvor III Reserve cw/mcw 
MF WT transmitter 

Svenska ME-42 VHF FM 
Transmitter 

Marconi Survivor Type 610 cw/AM/cw 
Lifeboat transceiver 

Motorola Walkie talkies FM 

Operational Characteristics 
Cruises Up to 60 days 
Range 9000 miles 
Speed Up to 14 knots 
Pe~onnel 50 
(Crew) 16 
(Scientists and 

technicians) 
Navigation 

equipment 

Frequencies 

Up to 34 

Radar (2 units) 
Celestial 
EM Log 
Satelliteb 
Doppler Sona~ 
Inertial Platform0 

Forward Scan Sonar 
Gyro Compass0 

Loran C with Atomic 
Frequency Standard 

Shoran 
Lorac 

Power 
405-525 Hz (cw/mcw) (cw) 500W 

(mcw)320W 
1.6-3.8 Hz (cw/incw/R.T.) 400W 
4-25 Hz (cw/R.T.) 1800W 
25.070-25.110 Hz (cw) 3.50 w 
404-525 Hz 140W 

156.0-157.5 Hz 20W 
156.0-156.9 Hz 
160.0-162.1 Hz 
500/218218364 lOW 

150/160 Hz 5W 

Exploration Capabilities 
Two Geometries magnetometers 
LaCoste-Romberg stable platform gravimeter 
LaCoste-Romberg portable gravimeter 
Fathometers 

Full ocean depth EDO UQN-4 
Shallow water (bridge and lab) 

Marine seep detectors 
Hull 
61-m (200.ft) depth tow 
183-m (600-ft) depth tow 

Globe Digital Seismic System 
48-Channel multidyne ACH streamer 3200 m 
f>.Channel high-resolution "ministreamer" 
Automatic streamer depth controllers 
Binary gain ranging amplifiers 

Two 13,100-32,774 cu em (800-2000 cu in) air guns 
Four 8.5 cu m/min (300 cfm) compresso~ 
Multisonobuoy FM refraction seismic system 
EMR 6130 data-processing system for 

Edit-SUM and demultiplex 
48-fold stack 
Trace gather-velocity control 
Tape output, single and multichannel 
PDP-11 communication 
32K word core 

Two Varian line printer plotte~ 
Two PFR's for onboard geophysical display 
PDP-11 data processor for logging potential field and navigation 

data 
PDP-11/10 programmable data logger for logging potential, 

navigation, and geochemical data 
Western inertial navigation control 
Bottom grab sampler 
Piston corer 

•Port of Rcl(itl'lJ: Ct•url(t•luwn, Grand C.t)·nutn. W.l.; Otnll'r: C.t)·man hlnnd \'~'"'''Ltd.; Of/idol Numl~t-r: 3.56151!0; llfldl11 Col/ Sl~tn: ZCF'S. 

•Oedkatt'C:I <:ompnter. 
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-SEISMIC 

CJ GRAVITY 

"' ... -MAGNETIC GR ADIOMETER 
Cl m PDP-11111 COMPUTERS 

"' -EMR COMPUTER -NAVIGATION -UNDERWATER SEEP DETECTORS 

c:::J FORWARD SCAN SONAR - CJ GEOLOGICAL SAMPLING * -"DE·SCAN SONAR * - * .. _. 

c -

FIGURE C.6 RIV Hollis Hedberg exploration systems. 

EMR Computer and Peripherala 

The EMR computer is used to process the seismic data 
collected by the GUS amplifiers. It is a 16-bit word ma­
chine, which has 32,000 words of core storage. The mem­
ory cycle time is 670 nsec. The central processing unit 
contains two arithmetic registers, three index registers, 
and provides for multiple levels of indirect addressing. 
Peripheral devices include a card reader, teletype, an 
850,000-word disk with a 17-msec access time, an 8000-
bpi high-density magnetic tape drive (HDDR), and three 
1600-bpi magnetic tape drives. In addition, a cathode­
ray-tube display and keyboard and a switch register are 
used for control functions and input for velocity calcula­
tions. The switch register, card reader, and control unit 
are shown in the center of Figure C.l1, and the HDDR unit 
on the right. 

The processing performed by the EMR computer is 
limited to a 6-sec record length, exclusive of a deepwater 
delay and includes the following: 

Demultiplexing of 48 channels of seismic data 
Stacking of the near channels (up to 48-fold) 
Gather of 48 h1H:es of a l'Ommon-depth-point group 
Deconvolution of single-channel, stack, and/or gather 

data 
Production of single-channel and stacked seismic pro­

files 

Production of a single-channel/stacked seismic data 
tape 

Production of a demultiplexed seismic data tape 
Calculation of velocities based on residual normal 

moveout 

Deconvolution and bandpass filtering may be applied 
to any combination of single-channel, stacked, and trace­
gather data. The calculations are accomplished through 
use of the polynomial division method and are performed 
simultaneously using one operator. The operator sample 
interval is selectable at either 4 or 8 msec. The operator 
length is also selectable, up to a maximum of 64 operator 
points. The operator is calculated over a window begin­
ning at water bottom and extending for one fourth of the 
record length. 

The horizontal stacking algorithm assumes that the shot 
spacing is one half the group interval. The near channels 
are used, producing a stacked trace (up to 24-fold). Trace 
gathers may be either the near 24 traces or the even 24 
traces of a common-depth-point group. 

Velocities are calculated from residual normal move­
out data and may be updated at any time. The results of 
the velocity calculations are displayed on the cathode-ray 
tube (one in laboratory, one in scientific office) and may 
be entered/changed through use of the switch register 
(middle of Figure C.ll). The display includes a corrected 
record and a velocity versus travel-time graph. 
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FIGURE C.7 RIV Hollis Hedberg instrumentation . 
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TABLE C.2 Manufachtrers and Models of Geophysical, 
Geochemical, and Auxiliary Instruments Onboard the 
RIV Hollis Hedberg 

Seismic System 

Source: Bolt PAR Air Gun Model BOOC; 2 each 13,100 to 32,775 
cu em (800 to 2000 cu in.) at 13.78 MPa (2000 psi) 

Hydrophone Cable: Seismic Engineering Multidyne Streamer, 
3200 m (10,500 ft) long, 48 groups each 67 m (220ft) in length, 
26 aeceleration caneellin~ hydmphones per ~roup, ACDC au­
tomatil" depth eontrollable birds. Western Geophysical High­
Resolution "~finistreamer," 133.8 111 (439 ft ) long, 6 groups 
eaeh 22.3 m (73.3 ft) in len~th, 20 acceleration cancelling hy­
drophones per ~roup (replaces nearest 2 ~oups of main c·able) 

Sonobuoy System: Aquatronics Telseis Model STR70-2F Re­
ceiver; SM44C Sonobuoys 

Digital Seismie System: GUS HDDR Model 4000, 62 channels, 
2-msec samplin~ rate 

Single-Channel Amplifier: SIE Model PT 100 (Modified) 
Seismic Processing Computer and Peripherals: EMR Model 

6130 (32K H>·hit word core, 13.7-mbit disk), Globe HDDR 
Model 2000 hi~h-density magnetie tape drive (2 eac·h), Pertec 
Model 6640 ma~etic tape drive (3 each), Computer Model 
300 CRT data tem1inal, Mohawk 200 cpm card reader, Gulf 
R&D switc-h register, Texas Instruments Mode l 733KSR silent 
data terminal 

Display Plotters: Varian Statos Model31 printer/plotte r (2 eaeh), 
Raytheon Model UGR-196A plotte r (2 each), Dresser SIE 
Model ERC-10 electrostatic oscillograph 

Other Geophysical and Geochemical Systems 

Gravity Meter (sea): LaCoste & Romber~. Sea gravity meter 
Model S (stable platfimn) 

Gravity Meter (land): LaCoste & Romberg Model G ~eodetic 
meter 

Ma~etometer/Gradiometer: Geometries Model G-802G marine 
gradiometer 

Fathometer (shallow, 0-2400 ft): Simrad Model EN echosound­
er (38kHz) 

Fathometer (deep ocean): Edo Western Model 9057 (AN/UQN-
4) sonar sounding set (12kHz) 

Geoehe mical System: Gulf R&D three-inlet hydrocarbon 
analyzer; hull inlet, 61-m (200-ft) inlet, 183-m (600-ft) inlet 

Data Aequisition System: Western Geophysieal DAS 
Data Log~ing Computer and Peripherals: Digital Equipment 

Model PDP 11/10 (28K 16-bit word eore ), Pc•rtec Model 6640 
ma~etic tape drive (1 each), Texas Instruments Model 733 
KSR silent data terminal 

Data Processing Computer and Pe ripherals: Digital Equipment 
Model PDP ll/10 (28K 16-bit word c·oTl'), Pertec· ~lode! 6640 
magnetic tape drive (1 eaeh), Digital Equipment Model CR-11 
card reader, Texas Instmments Model 733KSR silent data ter­
minal 

Nar.;igation System 

Western Geophysic·al Integrated Inertial Navigation System 
(WINS) consisting of 
Satellite System: ITT Model 5001 Doppler sate ll ite receiver 
Doppler Sonar: Marquardt Model 2020A (300 kHz) 
\'elocimeter: NUS Model 1020-102 
Gyrocompass: Sperry Mark 227 gyrocompass 

Inertial Platform: Litton Model LN-15G 
Computer and Peripherals: Litton Model LC-728 computer 

(l2K 28-hit word core), Potter Model 152 magnetic tape 
drive, Digitronics Model 2540EP hi~h-speed paper tape 
reader, Mohawk Data Systems Model 1200 printer 

Loran C System: Teledyne Model TDL 601G Receiver, 
Hewlett-Packard Model HP-2100A computer (24K 16-bit 
word core), Dl/AN 9030 Terminal 

Interface lor Additional Radionavi~ation Sensors: Western 
Geophysical NSI 

Other Navigational Sensors: 
EM Lo~: Sa~em Model LH 
Inclinometer: Gap Instruments Model S2000-208-5A level 

sensor 

Clock and Frequency Standard 
Master Clock: Chronolog Model S7121-l 

Atomic Frequency Standard: Hewlett-Packard Model 5061-A 
cesium-beam frequency standard 

Other Equipment 

Weather Map Recorder: Alden Model 519 marine radiofasc­
imile re<.'order 

Forward S<.'anning Sonar: Simrad ~lode! SK3 

Data Displays 

Seismic data are displayed on four different plotters in 
addition to the oscillograph camera. Two Raytheon PFR 

plotters (Figure C.l2) and two Varian Statos 31 electrosta­
tic plotters are used to display: 

FIGURE C.8 Air-gun detonation. 
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' 

FIGURE C.9 Launching of air guns. 

Single-channel data 
Single-channel deconvolved and filtered data 
Stacked data 
Stacked deconvolved and filtered data 
Ships course, speed, potential field curves, time of day, 

and geochemical curves can he superimposed 

The Varian Statos units use a medium for plotting that 
is reproducible on board, thus allowing multiple copies of 
processed data to be available at any time. 

The vertical scale of the Varian units are switch-

FIGURE C.lO Seismic system electronics. 

FIGURE C.ll Fiber optic camera (in foreground), EMR com­
puter control unit, switch register, and CRT display. 

selectable to enable the seismic sections to be plotted at 
one half of the paper width (mini-section) or at full width. 

In addition, the Varian units can be used off-line to 
display fully processed potential field data (e.g., two­
dimensional Bouguer gravity, magnetics with the Interna­
tional Geomagnetic Reference Field removed), water 
depth, and a suite of geochemical information from two 
different inlets. These displays are plotted at a horizontal 
scale that can be selected to correspond to the seismic 
displays. The number of scans per trace and timing line 
spacing can also be varied. 

Magnetics 

The R/V Hollis Hedberg tows a magnetometer/ 
gradiometer system consisting of two Geometries G801 

FIGURE C.l2 Seismic profile plotters. 

-
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FIGURE C.l3 Accuracies of reduced 
shipbome gravity data at line intersec­
tions. Top: using high-precision elec­
tronic positioning system to reduce grav­
ity data and bottom : using integrated 
satellite positioning to reduce gravity data 
(in shallow water). 
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marine proton magnetometers. These magnetometers 
have a maximum sensitivity of one eighth of one gamma. 

Superimposed on the earth's total magnetic field are 
time-varying perturbations. Assuming that short-term 
time variations of the total magnetic field affect both sen­
sors equally at the same time, the difference between the 
responses of the two magnetometers is undish1rbed and 
can be integrated to obtain total magnetic-field profiles 
free of time variations. Gulf's research division is cur­
rently developing an effective gradiometer reduction 
technique based on an extensive amount of gradiometer 
data obtained from a specific recent test survey of the RJV 
Hollis Hedberg. 

Gravity 

Within recent years a major breakthrough has been made 
in improving the accuracy of shipboard gravity me ters. 
Gyro stabilization and reduction of errors due to wave 
action and to cross-coupling were paramount factors in 
this improvement. In effect, one-halfmilligal variations in 
the earth's gravity field are now detected in a noise back-

-t. l ••• 

AC:C:UIIIIAC:Y (lu) OF IIIIIDKaD 
81111AVITY DATA 

0. 4 MGAL 

t .O 2.0 
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-1 0 00 

ACCUIIIIACV (I cr) OF REDUCED 
GRAVITY DATA 

0. 7 MGAL 

I 0 2 0 30 

IIITIIIIISICTIOII IIIIIOIIS 1• M8AL 

ground due to ship's acceleration of up to 100,000 milli­
gals . Accurate navigation is mandatory, however, to cor­
rect the gravity data adequately. Currently achievable ac­
curacy for the reduced gravity data is illustrated in Figure 
C .13 and involves the following errors: 

Using high-precision radio location system half a milligal 
or less. 

Using WINS* in shallow wate r 1 milligal or less. 
Using WINS in deep water usually between 1 and 2 milli­

gals. 

The gravity-meter control e lectronics and analog re­
corders are shown on the left-hand side of Figure C.14. 

Geochemical Seep Detector 

The seep detector system was originally assembled by 
Gulf for research purposes and has since been developed 

*WINS is a registered trademark of Western Geophysical Com­
pany of America. 
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into a practical and highly valuable new supplement to 
other exploration tools. 

The major components of the system are shown in Fig­
ure C.15. Seawater from three inlets at different depths 
(hull, 61 m, 183m) is continuously circulated through a 
gas stripper chamber. A preselected volume of gas is 
trapped at regular intervals and analyzed by a gas 
chromatographic analyzer with flame ionization detector. 
The analyzer is adjusted to examine hydrocarbons in the 
C 1 to c~ range. Both saturated and unsaturated hydrocar­
bons are determined. The results of analysis of each sam­
ple are displayed on a time-referenced recorder. The 
analyzer and recorder are shown in Figure C.16. The sys­
tem has sufficient resolution to detect light hydrocarbon 
components in seawater at the level of 10 parts per bil­
lion. 

A major contribution of the present system is continu­
ous recording whereby it has been possible to establish a 
normal background from thousands of miles of recording 
and to characterize different types of anomalies. 

Figure C .17 shows the principles of seep detector in­
terpretation. Gases are eluted in the time sequence 
shown from right to left. Ethylene and propylene, the 
unsaturated C2 and C3 hydrocarbons, do not occur in pe­
troleum. Interpretation of significant anomalies is based 
on differences between concentrations of background re­
lated hydrocarbons and assemblages of petroleum related 
hydrocarbons. These include methane, ethane, propane, 
i-butane and n-butane. 

FIGURE C.l4 Gravity-meter control 
electronics and WI:-.IS navigation system. 

Geochemical data are displayed for analysis in a variety 
of ways as briefly mentioned under Data Displays above. 
More specifically, one of the Varian plotters can display 
off-line, in addition to potential field information, 
geochemical data from two different inlets: 

Propane concentration 
Methane concentration 
Water salinity 

... 
..... 

Water temperature 
Inlet depth 
Water depth 

GAS 

CHROMATOGRAPHIC: 

ANALYZER 

ANALYZE,. 
OUTI'UT 

FIGURE C.l5 Underwater seep detector. 
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FIGURE C.l6 Geochemical equipment. 

Propane and methane concentration curves are dis­
played also on the bottom of the "mini-section" (de­
scribed under Data Displays) along with potential field 
data. 

Data Logger and Data Processor 

There are two Digital Equipment Corporation Model 
PDP-11110 computers with associated peripheral equip­
ment installed onhoard and operating as two functional 
systems. One PDP-11 system is referred to as the lo~ger 
and the other is referred to as the processor. The PDP-
11/10 is a hyte-addressahle l().bit word size computer 
with such features as eight general-purpose registers, 
hardware stack, automatic power fail/restart, vectored 
multilevel interrupt stmcture, asynchronous operation 
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FIGURE C.l7 Interpretation of seep detector data. 

along a single communications path (UNIBUS) for highest 
speed of <.:omponents. 

The PDP-11 log~<.·r has a 28K word-core memory, 
hardware-extended arithmetic element, TI Silent 700 
tem1inal, Pertec 1600 hpi 9-tmck tape unit, interfat·es to 
Western's DAS (Data Acquisition System) and to the real­
time clock, synchronous communications link to the 
PDP-11 processor and to the EMR computer. The logger 
gathers, smooths, reports, records on magnetic tape, and 
tnmsmits to the prot·essor hasic infom1ation stwh as ship's 
speed and heading, water depth, ~ravity and ma~netics 
data, raw navigation system data, and t·ak-ulated inf(mna­
tion from the WINS system. In addition the log~<.·r gathers, 
reports, and records inf(mnation from navigation satellites 
as they pass within range. 

The PDP-11 l>roeessor has a 28K word-t·ore memory, 
hardwart•-extended arithmetic element, Tl tenninal, two 
Pertec 1600 bpi 9-track tape units (Fi~ure C.18), card 
reader, high-speed paper tape reader, DEC tape magnetic 
tape transport, Varian Statos 31 plotter, interfaces to the 
geochemical and single-dl<mnel seismic systems, and 
hardware bootstrap loaders. The proeessor receives hasic 
data from the PDP-11 logger via the synchronous com­
munications link and writes redundant 1-min logger rec­
ords on magnetic tape . Additionally the pro(:essor logs 
and records on magnetic tape data from tlw geochemical 
system. The second ma~netic tape unit is used to reeord 
single-channel s<.•ismic data as backup tor tht• EMR t·om­
puter. Pertinent infonnation is transmitted to the EMR for 
real-time plotting. 

In an otl~line mode of operation the processor reads 
back data previously recorded for a line and does further 
prot·essing to obtain corredions to the potential field data, 
peak and parameter information from the gem:hemical re­
t·ords, and generates results to he output to various plot­
ters. 

FIGURE C.l8 Data logJoter and data processor magnetk tape 
units. 
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Ac<.:urate navigation (real time) and positioning (post­
<:ntise) on a worldwide basis arc essential to success lit! 
of(.,hore exploration surveys. For some detailed work, 
there is the possibility of having to reoc-cupy positions li>r 
subsequent surveys or well locations, and for all surveys, 
proper Eotvos corrections for the gravity data reduction 
require that the speed he known to 0.1 knot and the true 
course to 0.5°. For some surveys with only regional 
geological objectives, the navigational requirements are 
less demanding. 

Gulf's early experience with Doppler satellitt• naviga­
tion and a Doppler sonar/gyrocompass system led, in 
1970, to the installation of Western's Integrated ;\;aviga­
tion System (WI!';S) aboard the R/V Gulfrex. The system 
consists of a Doppler satellite navigation ren•iver, a Dop­
pler sonar that measures speed over the bottom along the 
ship's tme course, a gyrocompass, an inertial platfonn f(>r 
accurate deep,o,·ater navigation, and a dedicatt-J com­
puter. The system on the RIV llollis lledher# also in­
dudt•s a modem solid-state Loran C receiver with an 
atomic frequency standard and a special computer. Fig­
ure C .l9 contains tlw svstem infonnation !low of WINS 

excluding the Loran C st;hsystem. Tlw detailt'd spedtlca­
tions of the navigational sensors and computers are given 
in Table C.l. Figurt's C.20 and C.21 show tlw int't"tial 
system schematk and the Litton L:\-15G inertial plat­
fonn, respt'dively. 

FIGURE C.l9 R/V Hollis Hedberg navi­
gation system (\\'INS). 

In almost five years of operation, WINS has proven to he 
superior to other systems using the Navy satellite system 
bet·;mse of its dearly more accurate deepwater navigation 
and its reliability, which is a lim<:tion of system redun­
dan<.·y. 

Realistk positional accuracy ad>ievahle with this sys­
tem (without Loran C subsystem) on a worldwide has is is 
as follows: 

In shallow water (water dt•pth 600 feet or less): 
rms Position A<.-eura<.·y hetter than 120 m (400 li:) 
"95% CEP" (radius of a 180-275 m (600-900 ti:) 

cirdt' containing 
95% of the data) 
In deep water (water depth greater than 180m; 600ft): 

rms Position Accuracy 305 m ( 1000 ft) or better 
"95% CEP" (radius of a 550-700 m (1800-2300 fi:) 

eirde containing 
95% of the data) 

Thes<.• values n·present the realisti<.· accura<.·y achieved 
under operating conditions (including average downtime 
of certain sensors) as has ht'en determined from 
thousands of mil<·s of tests. 

The rang<• in an·ura<.·y is related to t·hanges in geo­
graphical area, especially latitude, and to the geonwtrical 
configuration of a sun·ey. The above-mentioned a<.·cura<.·y 
refers to postcmise processed positions. The real-time 
position a<.-eurat·y, which is important as wdl. is not I!Uite 
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FIGURE C.20 WINS inertial system schematic. 
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as good as the posh:mise pro<.·ess(•d accuracy as is to he 
expected for any dead-reckoning system. However, the 
real-time position accuracy in shallow water is quite a<.·­
ceptable as is illustrated in the right-hand patwl of Figure 
C .22, which also shows a typical error distribution of 
postl'mise processed positions in shallow \Vater. Figures 
C.23 and C.24 show typically encountered position errors 
for a survey line in shallow water (less than 200 m depth) 
and deep water. 

The goal of complete independence from local shore­
based navigational aids has not yet heen fully achieved, 
primarily because of sensitivity of Doppler systems to 
ship's velocity errors . In stationary mode (such as at 
do<.·kside) the position al-cmacy of the Doppler satellite 
system used on the RIV Hollis Hedherg is around 5 m, 
which is exploited in estahlishing transfonm1tion param­
eters for geodetic datums. However, for surveys requiring 
best possible position accuracy, high-precision radio loca­
tion systems such as RAYDIST, CORAC, ~IOTOROLA, and AU­

TOTAPE are still used onboard the R!V Hollis Hedhag. 
The range or range dillerence data from these systems can 
he recorded digitally on Westem Geophysical Company 
of America's Wll'S magnetic-tape systt•m through a sped a I 
interface for subsequent postl·ntise processing. Each time 
such systems ar(' employed, simultaneously recorded and 

FIGURE C.21 WINS inertial platform. 

processed WINS data are evaluated in order to continu­
ously quality control the system and implement possible 
improvements. Ne\v developments in the Held of naviga­
tion such as the U.S. Defense i\;avigation Satellite System 
are being observed dosely in order to achieve increased 
a<:cum<.·y. 

Side-Scan Sonar and Geological Sampling 

The R!V Hollis Hedberg can he readily equipped to take 
piston cores from the ocean bottom and to dredgt• lor hot­
tom samples. 

Side-scan sonar equipment of any manulitctun· can also 
he readily installed aboard the vessel. 

Test Equipment, Spare Parts, and Personnel 

Ele<:tronic test equipment and spare parts are carri('d on­
hoard in a quantity suiHdent to ensme operation in re­
mote regions with a minimum of downtime . Highly 
skilled personnel who have received adv.mn·d training in 
all aspe<:ts of the operation are aboard at all times . Ap­
proximately SO percent of the te<:hnical personnel eitlwr 
have college or uni\'ersity degrees or havt• completed 
somt.• work toward a degret.•. 
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FIGURE C.22 Left: Error distribution of postcruise processed WINS positions (water depth 600ft or less). Right: Error distribution of real-time WINS positions (water depth 
600 ft or less). 
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LINE B-1 (WINS) 
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FIGURE C.23 Typical position errors for a shallow-water line. 
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LINE B-B (WINS) 
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FIGURE C.24 Typical position errors for a deepwater line. 
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