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IN MEMORIAM
Edward A. Flinn
(1931-1989)

From 1980 to 1986, Edward A. Flinn served with dedication and effectiveness as the first secretary-general
of the Inter-Union Commission on the Lithosphere which was established to develop and oversee the International
Lithosphere Program (ILP).

During this period, he was an ex officio member of the U.S. Geodynamics Committee. Thereafter, as Vice-
Chairman of Working Group I and Past Secretary-General, he served as one of the USGC-ILP reporters.
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PREFACE ix

PREFACE

The Continent-Ocean Transects Program was initiated by the U.S. Geodynamics Committee (USGC) early in
1979, as a study of the structure and Phanerozoic evolution of the transitional region between the craton and
oceanic lithosphere.

The USGC appointed Robert C. Speed as reporter of the USGC to coordinate the Transects Program. On
behalf of the USGC, he provided leadership in developing and carrying out the program. Transect groups were
organized for a series of corridors on the margins of the United States. Specific plans were developed for the
conduct of the program and for presentation and publication of the results. Within two years after its initiation, the
program expanded to include Canadian and Mexican corridors; thus it became a North American Continent-Ocean
Transects Program. It is regarded as a contribution to the International Lithosphere Program.

The resulting maps, sections, and text of the North American Continent-Ocean Transects Program are being
published by the Geological Society of America as part of its program on the Decade of North American Geology.

Comparison of the transition zone around the continental margins, and development of plans for future
research were basic objectives of the transects program. Accordingly, initial planning for the Transects Program
called for a report by the USGC giving an overview of the results of the program and guidance for the future—the
present report.

This report on the North American Continent-Ocean Transects Program consists of two parts: Part I—
Overview and Recommendations; Part II—North American Continent-Ocean Transitions (general and detailed
discussion of the transects).

Part I is the responsibility of the USGC, which acknowledges the substantial contribution of Robert Speed to
its preparation.

Part II is the responsibility of the indicated authors: Robert Speed, coordinator of the North American
Continent-Ocean Transects Program, and 23 leaders of the individual transect teams. The USGC notes that Part II
is based on both published and unpublished material associated with the transects. The USGC decided that this
consolidated discussion of the transects should be made available as part of its report on the North American
Continent-Ocean Transects Program.
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PREFACE X

The U.S. Geodynamics Committee is pleased to acknowledge the continuing support of the the Department
of Energy, the National Science Foundation, the National Aeronautics and Space Administration, and the U.S.
Geological Survey for the various activities of the committee, and the specific support of the National Science
Foundation and U.S. Geological Survey for the North American Continent-Ocean Transects Program.

Expansion of the original Transects Program to become a North American Continent-Ocean Transects
Program was welcome. A broader, unforeseen result was the launching in 1985 of the Global Geoscience
Transects Project (under the International Lithosphere Program), modeled in large part on the successful North
American Continent-Ocean Transects Program.
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OVERVIEW 3

1

Overview

INTRODUCTION

The North American Continent-Ocean Transects Program is a study of the structure and Phanerozoic
evolution of the transitional region of the North American hemisphere between its craton (Figure 1, zone 1) and
bordering oceanic lithosphere (Figure 1, zone 5).

The U.S. Geodynamics Committee (USGC) places strong emphasis on the importance of the transition zone
between continental and oceanic lithosphere. In 1978, the USGC recommended that a series of transects be
prepared to set forth existing geological, geochemical, and geophysical data along a series of corridors around the
U.S. coast—from the continental craton across the transition zone to the oceanic lithosphere.

The USGC initiated the Transects Program early in 1979. The USGC appointed Robert C. Speed as reporter
of the USGC to coordinate the Transects Program. On behalf of the USGC, he provided leadership in developing
and carrying out the program. Transect groups were organized for a series of corridors on the U.S. margins.
Specific plans for the conduct of the program and presentation and publication of the results were developed.
Within two years after its initiation, the program expanded to include Canadian and Mexican corridors; thus it
became a North American Continent-Ocean Transects Program.

The program includes about 200 geologists and geophysicists from Canada, Mexico, and the United States. It
is jointly sponsored by the U.S. Geodynamics Committee, the Canadian Committee for the International
Lithosphere Program, and the Institute of Geology, University of Mexico. The Transects Program has received
direct support from the National Science Foundation, the Geological Society of America, the University of
Mexico, the Geological Survey of Canada, and the U.S. Geological Survey and indirect support from the many
institutions represented by the participants in the program. The written and graphic products of the Transects
Program are published mainly by the Geological Society of America within the Decade of North American
Geology series (see Appendix A).
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Figure 1

Map of North American continent and plate showing positions of 23 corridors of the Transects Program.
PROGRAM OBJECTIVES
The objectives of the Transects Program are threefold:
1. To analyze the structure, motions, and processes of the transitional zone between the North American

continent and adjacent oceanic and other lithospheres and the evolution of that zone over Phanerozoic
time (approximately the last 700 Ma).

Copyright © National Academy of Sciences. All rights reserved.
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OVERVIEW 5

The analysis is concentrated in 23 corridors that cross the transitional zone between oceanic and
cratonal lithospheres where possible (Figure 1) and employs existing data. The analysis includes
requirements for common presentation formats, with a goal of effective comparison of continental
margin structure around North America.

2. To recognize the major gaps in understanding the character and origins of the North American
continent-ocean transition, to identify the problems and avenues of study most likely to lead to
breakthroughs, and to recommend to the scientific community and government the priorities and
nature of research programs that can effectively solve such problems.

3. To provide coordination among major ocean- and land-based scientific programs.

In partial fulfillment of these objectives, especially the second and third, the USGC is issuing the present
report.

PROGRAM ACHIEVEMENTS

The Transects Program achieved certain ends prior to the publication of its products. The program has
demonstrated the ability of diverse earth scientists to collaborate successfully in the pursuit of new, broader, and
more fundamental definitions of problems and interpretations of the structure and evolution of North American
continental crust between the craton and oceanic lithosphere. This collaboration, together with new data, has
extended former limits of thought in such topics as downward continuation of structure from surface to mantle;
compatibility of motions between the oceanic terranes and the continental foreland; and event correlations around
the continent's edge. Further, the Transects Program has conceived new display techniques to enhance
comparability among the transects so that all members of the earth science community can recognize the
important similarities and differences of continental structure and evolution around the entire margin.

Perhaps most important, the interpretations of crustal structure of the Transects Program have already
stimulated the acquisition of new data by geophysical and geological profiling along several transects with the
goal of testing hypotheses.

Completion and publication of many of the transects by the mid-1980s led to two unforeseen, but related,
developments: recognition of the importance of digitization of future transects and the development of a Global
Geoscience Transects (GGT) Project as part of the International Lithosphere Program. (See Chapter 4, "New
Developments.")

NORTH AMERICAN CONTINENT

For the Transects Program, the North American continent is defined as the region currently bounded by
oceanic lithospheres of the Atlantic, Arctic, and Pacific basins and by the North American-Caribbean plate
boundary (Figure 1). The continental edges adjoining the Atlantic and Arctic oceanic lithospheres are passive
margin types; they occur within the North American plate. Greenland and an undefined region offshore of western
Alaska belong to the North American continent under this definition, but the Transects Program has not included
them in its study. The edge of North America bordered by the Pacific basin is mainly a series of active margins
between the

Copyright © National Academy of Sciences. All rights reserved.
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OVERVIEW 6

North American continent and a number of oceanic plates. In fact, the continent occupies the Pacific plate at two
places; thus, today's North American continent contains plate boundaries.

The southern edge of the North American continent is less clearly delineated because much of it is below sea
level and because of the two closed oceanic basins, the Gulf of Mexico and the Yucatan basin. The Transects
Program has arbitrarily assigned to the continent all regions of the North American plate not floored by oceanic
lithosphere as far south as its boundary with tectonic borderlands of the Caribbean plate (Figure 1).

PRESENT AND PAST CONTINENT-OCEAN TRANSITION

Today's transitions of the North American continent to adjoining oceanic lithosphere mark the sites of the
most recent plate boundary tectonics to have shaped the continent in each region. At active margins, such tectonics
are ongoing, whereas at passive margins, they range from modern (Gulf of California) to as old as mid-Mesozoic
(central Atlantic). Much is learned at existing continent-ocean transitions regarding instantaneous relative
motions, earthquake-derived kinematics, and concurrent geophysical expressions of the way continental and
oceanic lithospheres interact. Such studies show, moreover, that relative motions between plates are widely
distributed and heterogeneous and that a broad zone spanning the continental edge must be studied to address the
interactions fully.

It is now well known that most oceanic lithosphere is returned to the mantle after a brief residence (200 Ma)
at the surface whereas continental and other types of nonoceanic lithospheres survive, at least in some proportion,
at the surface. It is also now evident that continents, their shapes and volumes as well as positions, have evolved
markedly through time. Plate boundary motions have transferred small and large fragments from position to
position within a continent and probably from continent to continent; moreover, they may have caused some loss
of continent to the mantle by subduction and addition of mantle to continent via magmatism and underplating. The
history of these and other processes associated with continent-ocean interactions, therefore, is recorded within the
continents. A full understanding of the evolution of the North American continent requires a synthesis of the
structure and processes across the continent-ocean transitional zones as a function of position and time over
geological history.

The Transects Program addressed this sizeable task by studying the structure of 23 corridors around the North
American continent, each 100 to 200 km wide and aligned normal to, and crossing, the local modern margin. The
analysis is carried to depths that include (as a minimum) the top of the mantle. The historical duration adopted is
Phanerozoic time, loosely defined as about 700 Ma. This choice was based on the occurrence of widespread plate
tectonic events near the end of Proterozoic time that gave rise to the general size and shape of cratonal North
America today.

North American Continental Zonation

The present North American continent can be divided into four tectonic zones (1-4, Figure 1). Zones 2-4
constitute what is here called the transitional region—the part of the continent that has been shaped by continent-
ocean tectonic interactions

Copyright © National Academy of Sciences. All rights reserved.
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OVERVIEW 7

in Phanerozoic time. The transitional region lies between cratonal and oceanic lithospheres except in southernmost
North America (Figure 1). Some of the boundaries and tectonic components of zones of Figure I are not yet well
documented or agreed upon; it has been a goal of the Transects Program to improve regional tectonic divisions and
delineations. The following paragraphs define the tectonic zonation.

Zone 1: Cratonal North America: This is the undeformed sialic nucleus of North America, which has behaved
as a continuous, nearly rigid unit at least since the Proterozoic. Cratonal North America is a single tectonic unit,
and it provides the reference frame for the history of relative motions of units in the tectonically active outboard
zones in the last 700 Ma. The periphery of zone I is a post-Precambrian deformation front.

Zone 2: Deformed North America: This zone contains Proterozoic North America and its cover, which has
undergone significant deformation related to Phanerozoic continental margin tectonics. Unlike zone 1, zone 2
consists of multiple tectonic units, which presumably reflect different loci, times, and mechanisms of plate
boundary events that affected the margin of Precambrian sialic North America. Although zone 2 is probably well
fragmented, the pieces have probably not moved great distances with respect to one another or to zone 1.
However, zone 2 may have been the source of continental fragments that have undergone large displacements and
now exist in zones 3 or 4 or among accreted terranes of other continents. Examples of tectonic units in zone 2 are
the nappes of the Valley and Ridge province and Blue Ridge province, and the Rocky Mountain fold and thrust
belt. Of special interest are the reactivation of old discontinuities by new phases of margin tectonics and the
correlation of style of structures with type of margin tectonics.

Zone 3: Ancient Displaced Terranes: Zone 3 comprises terranes that are tectonic units that have certainly or
probably undergone large transport but that are now fixed with respect to cratonal North America. Terranes
include fragments of continents, arcs, oceanic lithospheres, deformed oceanic strata, and rocks of uncertain origin.
Zone 3 also includes cover strata and igneous rocks that formed in place after attachment of displaced terranes to
North America or earlier accreted units. Examples include the Avalon and Meguma terranes of the Canadian
Appalachians, the Pericu and Zapoteco terranes of Mexico, and Stikinia and Wrangellia of the Pacific Northwest.
Important considerations are the sources of such terranes, transport histories, times of attachment, coalescence with
other displaced terranes before accretion to North America, internal tectonic history, and deep structure.

Zone 4: Displacing Terranes: The modern continent of North America incorporates parts of the Pacific plate
as well as the North American plate. These parts (zone 4, Figure 1) are evidently moving with respect to zone I and
are joined to the rest of North America by active margins. Displacing terranes are Baja and Alta California west of
the San Andreas fault system and the Yakutat terrane west of the Queen Charlotte fault.

To understand the structure, tectonics, and Phanerozoic evolution of the continent-ocean transition of North
America, the Transects Program has proceeded as follows: (1) analyzed tectonic zones 2-4 in terms of their
constitutive tectonic units, which reflect past or present relative motions, (2) synthesized an evolution of these
units into their current configuration as North America, and (3) interpreted the processes involved.
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OVERVIEW 8

Corridors

Study corridors have been chosen to transect the tectonic zones from cratonal North America to oceanic
lithosphere (zones 1 to 5). The exceptions are Mexico and Alaska, where the transects do not intersect Proterozoic
North America (zones 1 and 2). The 23 corridor locations are selected to provide hemispheric representation of
North American continent-ocean transitions, but more important, they incorporate the most significant examples
of modern and ancient continental margin structures.

An important element in understanding the evolution of the transition is the ability to compare its structure
corridor by corridor. To achieve comparability, corridor displays and discussions in the Transects Program are
standardized by the inclusion of mandatory entries and formats (Figure 2). The mandatory entries include:

A tectonostratigraphic strip map of the corridor, colored according to protolith age.

A cross section depicting tectonic units that are colored according to a standardized hemispheric code;

this section goes at least to the Moho.

3. Factual geological cross section that depicts rock stratigraphic units that are colored according to
protolith age.

4. Geophysical profile data.

5. A tectonostratigraphic event diagram that shows kinds of tectonic events as functions of corridor

position and age.

N =

Preparation of the transects was predicated on the use of existing data. Cooperation among academia,
government, and industry was an important element in the success of the program. There was coordination with
other major geoscience programs. In particular, the results of deep seismic reflection profiling were integrated into
the transects.

HTERPRE ] ATIVE]

Legend for Figure 2.
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2

Major Scientific Problems

A fundamental goal of the Transects Program has been the identification and description of the major
problems in understanding the tectonic evolution of North American continent-ocean transitions.

That goal is addressed in Part II of this report, in which 12 general problems of continent-ocean transitions
are discussed: processes of active margins, processes at passive margins, tectonic heredity, tectonic significance of
magma types, identification and processes of terrane boundaries, kinematics of orogenic belts, implications of
high-grade metamorphic rocks in orogenic belts, event dating, foreland-margin tectonic coupling, diagnostic
geophysical expressions of tectonic units, deep continental structure and origin, and Phanerozoic changes in
Proterozoic North America.

Consideration of these general problems led to identification of four specific problems that are most
fundamental to an improved understanding of continent-ocean transitions:

1. Underplating and tectonic attrition: The transfer of sediment, rock, and fluid from a downgoing plate
to the base of a forearc and/or crystalline lithosphere of North America at active margins.

2. Origin of the Moho and lower crust: The nature, age, and origin of protoliths of the lower continental
crust and mantle immediately below the continental Moho, the processes affecting those regions, and
the times over which their evolution occurs.

3. Absolute chronology of tectonic events: The absolute timing of stages of kinematic and tectonic
activity in orogenic events at the North American margin, such as durations of steeply versus
shallowly dipping subduction, foreland versus hinterland contraction, collision, and major unroofing.

4. Strike-slip components of terrane displacement paths: The components of terrane displacement and
velocity that parallel the margins of the continent during oblique convergence that may not be
recorded in the contemporaneous structures of the adjacent continental foreland.
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3

Needed Investigations

There are many gaps in our understanding of the structure and evolution of North American continent-ocean
transitions. The gaps and uncertainties have been translated to problems whose solutions will cause major progress
in the science of the evolution of North America and of the growth and destruction of continents in general.
Focused investigations are necessary to achieve the solutions in a timely and efficient manner. Moreover, they are
required to bring together the broad spectrum of scientific backgrounds and resources that must be pooled to
address these complex problems. Studies of continent-ocean transitions must bring together terrestrial and marine
scientists from varied disciplines: geologists, geophysicists, and geochemists for observational, data processing,
theoretical, and laboratory approaches.

Four principal avenues for focused investigations are outlined below: syntheses, topical investigations,
processes, and techniques.

SYNTHESES

Transect analyses show the value of regional synthesis and interpretation of existing data by scientists of
diverse background acting in concert. The gains in perspective, problem definition, and in many cases, new ideas
of continental margin evolution, have been enormous. Equally important, each transect has conceived and
displayed graphically a model of the continent-ocean transition to Moho depths. Such models should be tested by
new data gathering, which in turn will lead to improved models and further refinement in our understanding of
continental evolution.

The USGC advocates continuing syntheses of North American continent-ocean transitions in two modes: (1)
with existing data as in the Transects Program, and (2) with new data acquisition.

1. Syntheses with existing data: There are many regions of the North American continent-ocean
transition that have not been sampled by the 23 transects of the Transects Program. Studies of such
regions comparable to those of the Transects Program would produce a significantly more
comprehensive understanding and problem definition than exist now. Such regions contain features
that may be unique and vital
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NEEDED INVESTIGATIONS 12

to continental science and that are fundamental to analysis of lateral gradients and discontinuities in
orogenic belts.

Candidate regions for a new phase of transect studies are: Aleutian Islands, northwestern British

Columbia, Santa Barbara-southern Sierra Nevada, northern Labrador to Greenland, northern Mexico
across Gulf of California, west Texas to the Gulf of Mexico, Florida across southern Blake Plateau,
Yucatan to Cayman Trench, Bahamas to Puerto Rico, Mackenzie Delta to Canada Basin, and the
eastern Baffin Islands.
Syntheses with data acquisition: Some or all of the models of the 23 transects should be tested and
refined by acquisition and synthesis of new, comprehensive datasets that are profiled along the
transects. The new investigations should include seismic profiling with source-receiver parameters
designed for penetration and resolution that can maximize analysis of model features: potential field
data with uniform high- and low-frequency contents; isotopic dating that will resolve protolith ages
and tectonic events; detailed analyses of kinematics and conditions of deformation in displacement
zones and strained rocks; and determinations of latitude anomalies and rotations of well dated
magnetizations. Data from scientific drilling on land and at sea should be incorporated.

TOPICAL INVESTIGATIONS

The USGC recommends new investigations that focus on problems in three broad tectonic divisions of North
American continent-ocean transitions: (1) forearcs, (2) lower crust and Moho in transitional regions, and (3)
terranes and forelands of the orogenic belts.

1.

Forearcs: There should be concentrated data acquisition that will lead to greatly enhanced
understanding of the deep structure and processes of forearcs of North America, both those active
today and those in the Cenozoic. The objective is to evaluate what may be the prime sites of tectonic
progradation and/or attrition of the continental edge and at which the continental edge appears to
thicken. A prime technique is seismic profiling, which may reveal the characteristics of underplated
packets, underthrusting sediments, basement reliefs, ramps and sites of change of detachment level,
out of sequence faults, diapirs, duplexes, lateral velocity changes indicating rheologic gradients, and
the downdip length of sediment cover on the downgoing plate below the forearc and into the
crystalline subduction zone. Other important studies of forearcs should include seismicity, fluid and
heat fluxes, progressive deformation, and deflection of the downgoing plate.

Lower crust and Moho: The scientific objectives to be addressed include the origin of reflector sets in
the lower crust of the transitional region, nature and thickness of the Moho, existence of motions
along and mass transfer across the Moho, protoliths on both sides of the Moho, and age of the Moho.

Also included here are the structures of the deeply buried, greatly extended North American crust of
the Mesozoic and Cenozoic passive margins and the nature of specific features such as the outer
ridge, possible mantle protrusions at the continent-ocean join, continental microplate structure
(Orphan Knoll, Flemish Cap, Blake Plateau), rift basin configurations, and estimation of amount of
magma added to the crust.

Investigations of this problem may follow several lines, which should be coordinated: (a)
geophysical studies, chiefly seismic, that are tuned to desired depths, are set out in three-dimensional
arrays so as to determine true dips and velocity anisotropies and are flexible enough to track deep
structures to shallow depths; (b) studies of

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1521.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original typesetting files. Page breaks are true to

the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained, and some typographic errors may have been accidentally inserted. Please use the

print version of this publication as the authoritative version for attribution.

NEEDED INVESTIGATIONS 13

magmas and xenoliths derived from lower crustal or upper mantle levels; (c) tracking to the surface of
plunging lower crustal structures, and (d) study of greatly exhumed rocks that were once at depths
equivalent to today's Moho in transitional regions.

3. Terranes and forelands of orogenic belts: There should be continuing study of the orogenic belts of
North America with traditional goals of defining basic tectonic units and dating their times of
movement and attachment. Added emphasis should be placed on analysis of kinematics of orogenic
belts, on the relationships between motions in the zone of terranes and those of the continental
foreland, and on subsurface structure in the zone of terranes. Further goals of this topical study are a
comprehensive picture of the closure history of Laurasia and Gondwana to form Pangea and the losses
of Precambrian North America in tectonic interactions at active and passive margins since the
Precambrian. The reconstruction of terrane migration in Mesozoic Mexico and western North
America is also a goal. Also included here is the objective of understanding the widths of modern and
ancient boundary zones of the North American plate over which boundary-related motions occur.

The methods to be employed in this investigation include all those for kinematic analysis: brittle and ductile
fault slips, strain to displacement calculation, satellite geodesy, paleomagnetics, seismic parameters, and barometry
of metamorphism. They include extensive dating by multiple techniques, and identification of protolith kindred by
isotopic signatures (Nb, Nd, Sm, Sr, Pb, etc.). They also include geophysical studies, mainly seismic, and drilling
to identify and track subsurface horizons that may be terrane boundaries, especially those horizons that lead from
the zone of terranes onto the edge of sialic North America.

PROCESSES OF CONTINENT-OCEAN TRANSITIONS

Aside from the areal investigations of the synthesis and topical types discussed above, studies of certain basic
processes have been recognized to play major roles in tectonic zones. Examples of such processes are detachment,
unroofing, reactivation in fault zones, underthrusting and wedging, accretion, attrition, diapirism, intrusion,
foliation generation, defluidization, extensional failure, anatexis, initiation of subduction, onset of drifting, predrift
elevation, and transform faulting. Another process that requires extensive research is continental separation and
the definition of the rift-drift transition from sedimentary successions and tectonic structures.

The objectives are improved comprehension of the conditions under which each process occurs and the
mechanics and kinematics. The study of processes should include observational, theoretical, and experimental
means.

TECHNIQUES

Major advances in understanding come not only from the recognition of new problems or new insights, but
also from the development or improvement of techniques that yield new data. The study of the continent-ocean
transitions has benefited greatly in the twentieth century from new techniques, such as paleomagnetism and
isotopic dating. Therefore, research on improvement of techniques is an important component of the study of
continental evolution.

Specifically, advances in techniques in the following areas would be important: dating of protolith ages;
dating of thermal and straining events and of unroofing times; resolution of displacement components, especially
of rotations and margin-parallel and

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1521.html

o
L
o
=}
c
E
o
2
©
]
X
[
o
2
o
o
o)
@
o
@
Q@
=
o
c
£
=
[0
0
[0
o
>
2
©
£
2
=
S}
o
-
=
IS
o
2
E
=
o
c
X
o
o
Ke]
=
@
Q.
©
[oN
©
£
2
=
S
o
=
=
£
<)
2
&=
e
9]
2
@
)
2
o
n
2
=
-
=
X
£
o
2
E
e
o)
0
o
o}
£
Q
O
9]
2
c
[0
9]
Ke]
2}
I
=
X
pe
S)
B
©
£
2
=
S
o)
e
=
hat
S
c
9
=
©
£
c
o)
0
o
2
o}
o
2
©
=
2
©
2
@)
c
R
=
'_
9
=
L
)
o
R
e
=
=
>
o
!
<

(0]
e
=

(0]

%]

=}

(0]

7]

@®©
<
[a
o

0]
h

[0]

%]
£
>
©
-

c

(0]
S

Q

Qo

@©

c

[0

[0}
o]

o

>

@®
e

>

@®

IS

[2]

o

o

=

=

(0]
Q
e

Q.

[

g

D

o

(e

>
=

(V]

£

o

(2]
©

c

[}
o

(0]
=

©
-

[0)

fut

[0
o]
-

o

c

c

@

o

-

o

>

[

2

o
=

=)

c
=

@®

IS

=

o
-
L
=

[8]

(0]

Q.

@

D

c
=

(0]

0

o

Qo

>
=

o

(0]
e
=]

o
©

c

@®©

)
2o

>
=

(2]

(o]
=
e

@®©

(V]
e

)
X

@®

o

=
o)
o

=

o

=

7}
=
=

D

c
@

(0]
=
©
£
2

=

o

(V]
e
=

c
e
=

>
o
=
5
=]

©
=
Rel

c
o)

2]

2

[

>

o
=
=

©
3
=

<}
<
=
>
®©
©
K
=]

n

©

c

o
2

©
L
Ko]

>

o
)
z
=
=

o

c
e

2]

2

[

>
-

c
=

S

NEEDED INVESTIGATIONS 14

latitude-parallel components; measures of bulk finite strain and small-domain strains; barometry and
thermometry; detections of major rise of fluids and fluid sources; methods of delineating structures in and tracking
displacement zones to mid- and lower crustal depths; improved analysis of the structure of the Moho; and more
precise geodetic analyses. Advances should be made in techniques of digitization of data and in software that are
compatible with commonly used computers and that allow combination and manipulation in three dimensions.
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NEW DEVELOPMENTS 15

4

New Developments

GLOBAL GEOSCIENCE TRANSECTS PROJECT

As the transects of the North American Continent-Ocean Transects Program began to appear in print, it
seemed clear to the USGC that the program was quite successful in terms of its intended goals. The USGC then
strongly supported the recommendation that the International Lithosphere Program undertake an international
program of transects across major geological/geophysical structures.

The International Lithosphere Program is an ongoing, international program of studies of the solid earth,
under the joint sponsorship of the International Union of Geodesy and Geophysics and the International Union of
Geological Sciences. Guidance for the Lithosphere Program is provided by the Inter-Union Commission on the
Lithosphere (ICL).

The Inter-Union Commission on the Lithosphere approved a new program—the Global Geoscience Transects
(GGT) Project—at its meeting in August 1985. The planners of the GGT Project drew upon the experience of the
North American Continent-Ocean Transects Program and requested assistance in specific matters. At the request
of ICL, the USGC organized the preparation of a draft map of some 200 potential transects (prepared by Muawia
Barazangi) and provided major assistance and support for organization and sponsorship of the Pilot Meeting on the
GGT Project, held in San Francisco, 10-11 December 1985.

Planning for the GGT Project moved rapidly. ICL established a Coordinating Committee for the GGT
Project, headed by James Monger (Vancouver, Canada), one of the leaders of North American Transect B2 (Juan
de Fuca Ridge to Alberta Plains). Monger spearheaded organizational meetings (see below) and plans for the GGT
Project.

The ICL recognizes the importance and inherent difficulty of combining the results obtained from geological
investigations with geophysical data. The GGT project has thus stressed workshops and special meetings. In the
period from 1986 to 1988, at least 20 workshops and meetings on GGT were held (national, regional or part of
international gatherings). They include 2 in Africa, 5 in Asia and Australia, 6 in South America, 3 in North
America, and 4 in Europe. Major guidelines were developed at
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the GGT meetings during the General Assembly of IUGG, Vancouver, August 1987. Refinements were made at
the ICL meetings during the Latin-American Geological Congress in Belem, Brazil, November 1988.

The transects—positioned to cross major crustal features—range up to a few thousand kilometers in length
and up to 100 km in width. Standardization of graphics (regarded as essential for the North American Continent-
Ocean Transects Program) was adopted as a key principle of the GGT Project (with appropriate adaptations to
accommodate a greater diversity of geological elements). The GGT displays will have common formats, scales,
and color schemes. As with the North American transects, the GGT sections will extend at least to the base of the
crust. In addition, GGT sections will also include detailed tectonic interpretations of Proterozoic and Archean
crust (the North American transects encompassed only the Proterozoic). In general, the GGT will be based on
existing data, but it is clear that newly acquired data will be needed for some of the most important transects in the
GGT Project, especially in Antarctica.

The GGT Project is guided by Coordinating Committee 7 of ICL. The project is divided into twelve regions,
including the Arctic and Antarctic. By the end of 1988, 168 transects had been proposed, in all 12 regions
(Figure 3).

The North American sector is guided by a subgroup under the leadership of W.R. Van Schmus. Twelve
transects have been accepted for the North American sector. This includes the Quebec-Maine transect (discussed
below). This number does not include the recently initiated transcontinental transect along the Canadian-U.S.
border and other transects in the formative stage.

From the outset of GGT planning, it was agreed that the first major international presentation (symposia,
poster sessions, and workshops) of results of the GGT Project from all parts of the world would take place in July
1989 at the 28th International Geological Congress, in Washington. The GGT sessions at the Geological Congress
manifested remarkable progress in the project.

DIGITAL DATA

The USGC has a long-standing interest in the utilization of geological/geophysical data in digital and
computer graphic form. The USGC recognizes that digitization of geoscience data is likely to become standard
practice in the relatively near future. The USGC organized an ad hoc task group under the leadership of William
Hinze to investigate this issue generally, with specific reference to the problems of digitizing the North American
transects. A principal objective is to make the transects more useful—in terms of changing scale and projections,
viewing and analyzing the data in different ways, editing, and updating.

In July 1986, that ad hoc task group recommended a two-track plan—to digitize an existing North American
transect (B2, Juan de Fuca Plate to Alberta Plains) and to develop a plan for digitizing the Quebec-Maine transect.
The U.S. Geological Survey (in cooperation with the Geological Survey of Canada) implemented the first
recommendation within a year and set in motion the implementation of the second. Both efforts involve the
cooperation of U.S. and Canadian scientists. The Quebec-Maine transect was under way prior to 1986—in a new
generation of transects. It extends from the interior of Quebec, across Maine and into the Gulf of Maine; it is a
joint undertaking of Canadian and U.S. groups under the coordination of David B. Stewart. In 1987, the Quebec-
Maine transect was formally included in the GGT
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NEW DEVELOPMENTS 18

Project. The leaders of the Quebec-Maine transect agreed to prepare their results for publication following
GGT guidelines. The Quebec-Maine transect is providing a de facto model for ways to use digitization in studying
deep crustal and lithospheric structure.

By the end of 1987, the importance of digitization for the GGT Project was well established: (1) to facilitate
analysis of diverse types of data—and reinterpretation (interpretation is never final); and (2) for storage of the
immense amount of data. The ICL Coordinating Committees on Data Centers and Data Exchange (CC-5) and on
GGT (CC-7) recommended that steps be taken to define the needs, problems, and appropriate actions regarding
digitization of the GGT.

A second meeting of the USGC Task Group on Digitization of Geological Data was held 19-20 May 1988 in
cooperation with the two ICL Coordinating Committees (CC-5 and CC-7). That meeting dealt with many issues,
including long-term preservation of GGT data and convenient availability for users. For example, CD-ROMs are
favored for archiving large amounts of data. CD-ROMs have efficient and large storage capacity and long shelf
life; they are cheap to duplicate; and their use involves relatively inexpensive equipment.

The need to plan for digitizing from the beginning of a transect project was emphasized by the USGC. The
Quebec-Maine transect has provided pilot experience for digitizing transects. The task group recommended
creation of advisory groups on digitization to assist CC-7 and the leaders of specific transects in the GGT Project.

Steps are being taken by ICL to implement the recommendations of the task group. It is the stated intent of
the GGT Project to develop digitization by example. For the North American sector of the GGT, a subgroup on
digitization is being organized by W.R. Van Schmus. The leader of the subgroup is John Harbaugh; the group will
include members from Canada, the United States, and other countries participating in the North American sector
of the GGT. This subgroup will prepare practical guidelines for digitization of GGT projects ranging from those
involving relatively simple data sets and digitizing capabilities to those involving more complex data sets and
computer capabilities.
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PART II
NORTH AMERICAN CONTINENT-OCEAN TRANSITIONS

Part I has been prepared by Robert C. Speed (Department of Geological Sciences, Northwestern University),
Coordinator of the North American Continent-Ocean Transects Program, and the following working group
leaders: Clark Blake (C1), Richard Buffler (F1), Darrell Cowan (B3), Avery Drake (E2), Lynn Glover (E3),
Arthur Grantz (A3), Robert Hatcher (ES), Richard Haworth (D1-4), David Howell (C3), Charlotte Keen (D1-4),
Kim Klitgord (E1-5), Ray Martin (F2), Luis-Miguel Mitre-Salazar (H), James Monger (B2), Fernando Ortega-
Gutierrez (H), Douglas Rankin (E4), Jaime Roldan-Quintana (H), Jason Saleeby (C2), Gerardo Sanchez-Rubio
(H), John Sweeney (G), James Thompson (E1), Roland von Huene (A2), Harold Williams (D1), and Christopher
Yorath (B1).
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5
Major Topical Problems

Tectonic syntheses of the North American transects have allowed participants of the Transects Program to
recognize many fundamental problems in understanding the Phanerozoic evolution of North American continent-
ocean transitions. A comprehensive survey of such problems is presented below under 12 titles. These general
problems (listed below) form the basis for developing new, coordinated investigations aimed at major strides in
understanding continental-margin tectonics.

1. Processes of modern active margins.
2. Processes of passive margins.
3. Tectonic heredity.
4. Tectonic significance of magmas and magmatic rocks.
5. Identification and processes of terrane boundaries.
6. Kinematics of orogenic belts.
7. Implications of high-grade metamorphic rocks in orogenic belts.
8. Dating of events in orogenic belts.
9. Foreland deformation and tectonic coupling.
10. Diagnostic geophysical expressions of tectonic units.
11. Deep continental crustal structure and origin.

12. Phanerozoic changes in Proterozoic North America.

These general problems include certain common themes, the most frequently occurring of which are four
specific problems (listed below). These specific problems are considered (by the majority of authors) to be priority
problems for new investigations.

Underplating and tectonic attrition.

Origin of the Moho and lower crust.

Absolute chronology of tectonic events.

Strike-slip components of terrane displacement paths.

Sl o

These 12 general problems and 4 specific problems are discussed in the sections that follow.
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GENERAL PROBLEMS

1. Processes of Modern Active Margins

This problem addresses the relative motions and material transfer along the Pacific and Caribbean edges of
North America where the continental margin and North American plate boundary are more or less coincident.
Material transfer concerns the sites, processes, rates, and controls of the tectonic transfer of rock and sediment
across the plate boundary zone (either way). Accretion of material to the continent may arise by attachment at a
subduction trace, overthrusting above the continental edge, and underplating of material below the continental
margin. Underplating is the attachment of rock from the downgoing plate to the underside of the overriding plate.
Attrition (also called tectonic erosion) of active continental margins occurs by the transfer of continental material
to adjacent displacing plates, whether in strike-slip, divergent, or convergent mode.

Tectonic accretion at the toe of the continental foreland (offscraping) is moderately well understood, with
some exceptions. First, the factors that control the vergence of offscraped packets, whether arcward or oceanward,
are not clear. Further, conjugate asymmetric structures exist at some places, implying the absence of systematic
vergence. This problem needs solution in order to interpret subduction polarity in ancient offscraped rocks.
Second, it has recently been discovered that in some forearcs upper intervals of the incoming sediment are
offscraped whereas lower intervals pass with oceanic crust below the forearc. What controls the partition of the
incoming sediment column between offscraping and underriding intervals? Third, some margins have undergone
accretion over substantial durations but attrition at other times. What are the long-term conditions that favor the
dominance of one process over the other? Fourth, the process of underriding of sediment and rock below the
continental forearc is poorly understood. Undeformed sediments have been tracked in seismic sections at least 27
km below the fore arc in the Aleutians and over 100 km in other forearcs of the world. What controls the extent of
underthrusting, and what happens to underthrust sediment? Ideas on the latter question are: (a) accretion to the
base of the forearc or more landward regions of the continental margin (underplating); and (b) subduction into the
mantle. It is vital to understand the fate of underthrust sediment to evaluate the degree to which continents have
thickened at their margins from massive under-plating, and how much sediment is transformed to magma in
continental arcs. How commonly does the underplating process attach ophiolite to the base of the forearc and what
process generates ophiolite diapirs?

Another aspect of accretion that remains a problem is the path and magnitude of progressive deformation of
material during its initial transfer at a deformation front, and afterward, within the forearc. What are the tectonics
of continental forearcs that cause progressive landward thickening (such as imbrication, continuum contraction,
and underplating) but without deformation of upper slope cover? What tectonics cause the commonly seen
progressive contraction between the forearc basin and accretionary prism and antithetic wedging in the inner
forearc zone? How much of the deformation in rocks of ancient orogenic belts was acquired during early
accretionary phases?

Tectonic attrition at active North American margins is poorly understood because the material removed—
presumably by strike slip, rifting, or subduction—is no longer present locally. Attrition has been recognized from
the great volumes of missing material and by massive subsident events in the Aleutian and Mexican forearcs. The
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existence of old continental rocks now fronted by recently accreted oceanic sediment implies that materials are
missing. Subsidence is implied by the depression of erosional unconformities to depths of 5 km and by the
recovery of in-place neritic faunas from great water depths. The subsident events indicate a withdrawal and
presumed further landward transport or total subduction of a large tract of the base of the forearc.

The kinematics of modern active continental margins are also a fundamental ingredient with which to
interpret the development of ancient orogenic belts. Over what range of widths of continental plate boundary
zones are horizontal displacements taken up relative to cratonal North America, and what parameters control the
width: slab age and/or dip, lithospheric thickness, material strengths, inherited continental structure, obliquity of
convergence?

Further, how does contemporary active margin structure relate to obliquity and velocity of convergence?
What controls partitioning of displacement components into spaced strike-slip zones and continuous margin-
normal contraction? How much plate boundary motion is taken up within the displacing terranes and within
oceanic lithosphere?

Finally, how do rigid rotations occur within active margin zones? What sizes of fragments undergo rotations?
What controls the size-frequency? What determines the rotation sense? How does the rotation continue with
depth?

2. Processes of Passive Margins

This major problem concerns the processes and kinematics of passive margin generation. Solutions require
improved resolution of the architecture and constitution of the deep region between the continental hinge and
oceanic lithosphere with normal crustal thickness in the Canada Basin, Labrador Trough, Atlantic Basin, Gulf of
Mexico, and Gulf of California.

Especially interesting topics are: (a) the nature, origin, and post-rift history of outer ridges; (b) the origin and
uniformity of occurrence of anomalously thick oceanic crust and/or diapiric mantle at the juncture with
continental crust; (c) whether brittle structures of rifted crust are predominantly half graben, symmetric graben,
low-angle detachment fault nappes, or other extensional structures and whether the predominant structures vary
with position; (d) deformation mechanisms and distribution of displacements in the ductile zone; (e) crustal strain
and strain gradients during rift phase tectonics; (f) roles of magmatism and sedimentation in rift phase tectonics;
(g) the volume of mantle material added to the rifted continental crust; (h) controls on siting of oceanic ridge
development and the occurrence of ridge jumps that lead to isolated continental plateaus within oceanic
lithosphere.

3. Tectonic Heredity

The idea that earlier structures influence the distribution of displacements and structures developed in a later
deformation has long been appreciated but has gained greater importance in geological thinking with the
maturation of plate tectonic theory. Early structures yield rheologic anisotropy to rock masses and extensive
surfaces of discontinuity or weakness (contacts, faults). In principle, these guide the types and orientations of later
structures that might occur during rifting, collision, or transcurrent events. One result of this inheritance is that
brittle failure may occur first on reactivated rather than virgin fault planes such that the causal stress field may not
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be resolved without a very large data set of fault orientations and slip directions. Second, the width of new tectonic
zones may be dictated by the distribution of initial discontinuities in the crust. Third, strain rates in the ductile
zones may be controlled by inherited anisotropy, and finite strains may be difficult to interpret in terms of
orientations of successive tectonic events.

The problem of reactivation of old faults is crucial. Why do some fail whereas others that seem to have been
in a propitious orientation for reactivation do not? To what degree do normal faults become reactivated as thrust
faults and vice versa in sequential deformation?

Some examples illustrate the point. Triassic/Jurassic grabens in the eastern United States commonly exhibit
initial extensional failure by reactivation of thrust and ramp faults of the Paleozoic Appalachian orogen. No
magmatism accompanied this initial phase of deformation. Subsequently, Jurassic movements created swarms of
vertical diabase dikes oriented at high angles to the normal faults in the southeastern United States and fanning
into near parallelism with the normal faults in the northeastern United States. Thus, the early brittle failure seems
strongly guided by a pre-existing fabric, whereas the later comagmatic failure appears to have been independent of
structural fabric control.

Similarly, thrust surfaces established during an early orogenic event may be reactivated as thrusts during
subsequent orogenic events. An example is the mylonite of the Brevard zone of the southeastern Appalachians.
Here mylonitization occurred in the Taconian event (ca. 450 Ma) and again in the "Acadian" (ca. 350 Ma in the
southern Appalachians). The mylonites may be part of the Piedmont sole fault brought to the surface during Late
Paleozoic brittle ramp faulting. The major Piedmont/Blue Ridge allochthon itself probably experienced
intermittent reactivation during the Taconian, "Acadian," and Alleghanian orogenies. Also, early thrust faults
appear to have reactivated as strike-slip faults. Examples are the Huntington Valley and Martic faults of
Pennsylvania.

An example of a normal fault on a rifted margin guiding later thrusting during subsequent collision appears to
be the Precambrian(?) Rockfish Valley fault of the Virginia Blue Ridge, which became active as a thrust fault
during the Taconian and younger deformations.

Rifted continents tend to break along the grain provided by the last major orogeny (as in the North Atlantic)
but not always (as along the southern Atlantic margin). In either case, available anisotropies serve to guide the
details if not the major pathways of rifting.

4. Tectonic Significance of Magmas and Magmatic Rocks

It is a goal to interpret uniquely the tectonic environment of the generation and emplacement of magmas from
their composition and the physical characteristics of magmatic rock masses. For example, how can ophiolites and
basalts of midocean ridge, offridge oceanic, island arc, and continental sites be discriminated? Do calcalkaline
magmatic rocks uniquely indicate a contemporaneous subjacent slab, or can such rocks be generated in other
tectonic circumstances? What range of chemical and isotopic modifications do igneous rocks undergo in oceanic
environments and under multiple metamorphic events in orogenic belts? What are the principal magma sources:
base of lithosphere, base of crust, within crust, subducted slab, subducted ocean floor sediments?
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Another question is the volume addition to the crust by magmatic rocks. How is stretching taken up in rifted
crusts between constant volume on the one hand and constant (or increased) thickness due to magma addition on
the other; what controls the proportionation and spatial variation of these two stretching modes? Do island and
continental magmatic arcs emerge from a line source of magma or as spaced point sources, and, if the latter, what
is the evolution of the lithosphere in between the points?

Contamination and/or assimilation affects the composition and physical properties of magmas at active
continental margins. It is important to discriminate contamination at the magma source and by fluids from the
downgoing slab from that within the lithospheric column above the magma source.

5. Identification and Processes of Terrane Boundaries

Orogenic belts of the North American continent contain displaced terranes that make up much if not all of
zones 3 and 4 (Figure 1). Moreover, the deformed margin of Precambrian North America (zone 2, Figure 1) is
partly overlain by terranes. Terranes are tectonic units that have been displaced or are displacing with respect to
North America and to one another. Some terranes may be nappelike and underlain by other terranes, whereas
others probably have deep lithospheric underpinnings and are thus microplates. At least 100 terranes have been
identified to date in North America by gross differences in tectonostratigraphic histories. Of identified terranes,
however, many are almost certainly composites of two or more smaller terranes with more subtly different
tectonostratigraphic histories. In general, the resolution and delineation at the surface of discrete terranes remains a
major tectonic problem in need of additional criteria. Moreover, the subsurface resolution of vertically stacked
terranes is a problem hardly touched upon.

A major advance in terrane identification as well as in understanding terrane kinematics may come from
study of terrane boundary phenomena. In general such boundaries must be considered zones of major
displacement. What determines the width of terrane boundary zones and the types of structures developed with
position across and with depth in the zone? What are the relative roles of total displacement, displacement
gradients and rates, initial rock types, and fluid activity and permeability?

Processes at terrane boundaries may create unique structural imprints in the rocks involved that inform us
about the physical environment which dominates the process during the formation of the boundary. This imprint
goes even beyond transforming pre-existent rocks but also may create rocks of its own (anatectites) or create
avenues for the emplacement of ascending magmas and mineralizing fluids.

The kinematic study of mylonite belts which may identify important sutures is capable of establishing the
sense, type, and even amount of displacement and distortions that occur along many of these boundaries.

The analyses of individual fault zones at terrane boundaries in areas where differential uplift has created
structural relief of, say, 10 km or more, should be considered extremely important in establishing probable
changes in structural behavior or major faults as they descend into the crust. The presence of fragments of
mylonite within mylonite, the complex microfolding of mylonitic foliation, and the involvement of granites during
the process of mylonitization indicate complex evolution and changing conditions during the process of accretion.
Furthermore, it seems that once established, the
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structurally weakened zone at a terrane boundary will be the locus of later breakup under completely different
tectonic environments.

6. Kinematics of Orogenic Belts

The orogenic belts that nearly envelope cratonal North America and include most if not all of Mexico and
Alaska have been studied for many years as to their constituents and the relative motions among them and North
America. Current study of North American orogenic belts indicates that they have arisen by a combination of
processes: extensional rifting, parautochthonous accretion and magmatism, attachment and removal (attrition) of
displaced terranes, and parautochthonous deformation (that is, deformation of marginal North America and
attached terranes). Although understanding is accelerating, the sequence of processes and associated motions with
place and time remains the key to an accurate Phanerozoic history of North American continent-ocean
interactions.

Some questions of particular importance within this topic are as follows:

Paleomagnetic and other data show that margin-parallel displacement components of thousands of kilometers
have occurred between North America and some terranes in western Canada and the United States. Moreover,
some terranes have moved relatively north and some south (but not at the same time). Have large strike slip
components been similarly important in the evolution of the orogenic belts of Mexico, Florida, the Appalachians,
and the Arctic? If so, what were the timing, senses of movement, and magnitude of displacement?

What are the kinematics of terrane migration and emplacement within orogenic belts? Did each currently
attached terrane migrate as a discrete entity on an oceanic conveyor? Or, were terranes chipped off and stuck to
North America from a passing coherent ensialic plate, either as slices at strike-slip boundaries or as nappes at
collisional boundaries? If terranes were mainly discrete, were they strongly amalgamated to one another before
attachment to North America? How much fragmentation and further displacement by strike-slip faults have
terranes undergone after first attachment to North America? For example, did the terranes in the assemblage that
constitutes most of Alaska arrive unit by unit at their current positions, or at the other limit, did the assemblage
migrate as a unit? Are the many arc terranes in the Appalachians derived from a now-fragmented single arc, or do
they represent mainly diverse original arcs?

What are the kinematics of continent-continent collisions? Did many discrete microplates exist in the
collision zone, or do the continents maintain coherency? How is the obliquity of collision taken up in underriding
and overriding continent? How much of North America was subducted in collisions? What arrests the
convergence? What was the precise history of closure of North America with other continents that led to Pangea?
Last, the timing and effects of superposed deformations must be clear at all positions.

How much of Precambrian North America was removed between the times of Late Proterozoic passive
margin formation and the present edge of sialic North America that is mainly below the orogenic belts? Were the
losses, if any, mainly by rifting and ridge jump, strike-slip plucking, or by collisional subduction?

What are the vertical motions in the development or orogenic belts? Do these reflect ramping over pre-
existing declivities, thermal/magmatic doming, regional homogeneous contraction, or other phenomena?
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What is the origin of the regional heterogeneities of deformation in orogenic belts? Are they due to
attachment of terranes, rotation of allochthonous or parautochthonous units, different vertical displacements,
initial paleogeographic complexities, rtheologic changes, or to complexity of superpositions?

7. Implications of High-Grade Metamorphic Rocks in Orogenic Belts

Relatively narrow belts of anomalous high-grade metamorphic rocks occur in most North American orogenic
belts. What were the vertical and horizontal motions that brought these belts to their current positions, and what
tectonics caused the motions? There are many hypotheses for such metamorphic rocks: (a) roots of magmatic arcs
exposed by deep erosion, (b) suture-generated rocks in zones of thickened crust, (c) nappes of either North
American continental basement or collided continents, and (d) unroofed regions of large crustal extension.

By far the most widespread development of Phanerozoic metamorphic rocks now exposed in the North
American continent is in the Appalachian mountain system. A close temporal and spatial relationship may exist
between the timing of accretion of large terranes and the three major orogenic episodes that were at least locally
accompanied by regional high-grade metamorphism and in some instances by anatectic magmatism.

A similar model has been recently proposed for two metamorphic belts in British Columbia. Metamorphism
is attributed to the doubling of the continental crust by the overthrusting of two superterranes onto the North
American continental margin.

In the Klamath Mountains of northern California and southern Oregon, it has recently been proposed that
four tectonostratigraphic terranes were imbricated and accreted to the continental margin, producing a tectonic
stack 18 km thick in which there is an upward increase in metamorphism through the prehnite-pumpellyite and
greenschist facies into highly deformed garnet-bearing schists and gneisses.

A special case concerns the Cordilleran metamorphic core complexes which all appear to lie within the
deformed portion of sialic North America from Arizona to British Columbia, well east of the zone of displaced
terranes (zone 3). The metamorphism is dated in several areas as Middle Jurassic ("160 Ma) and all the core
complexes were subsequently involved in Cenozoic detachment faulting that resulted in their tectonic deroofing.

8. Dating of Events in Orogenic Belts

It has been commonplace in geological sciences to consider that events in orogenic belts occurred in distinct
periods separated by durations of little activity and that events occurred uniformly over wide areas. Critical
analysis indicates, however, that existing data are commonly insufficient to justify these long-held views. In fact,
deformation at some places could have been continuous over hundreds of millions of years and heterogeneous
over distances of 100 km or less.

The Appalachians provide a conspicuous example. The old view of Ordovician Taconian orogeny, Devonian
Acadian, and Pennsylvanian-Permian Alleghanian has been questioned by age data. For example, Cambrian and
Late Proterozoic Appalachian extension are recognized in the central Appalachians and Maine, and a deformation
continuum from Cambrian to Mississippian may occur in displaced terranes of the southern Appalachians.
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The need for precise knowledge of dates of orogenic events with age and position is evident, both to
comprehend orogenic processes and to detect times of collision of exotic terranes that may no longer exist locally.
Good resolution of ages of an orogenic phase at a given place would include ages of onset of movements, of
maximum depth penetration/metamorphism, of rapid uplift, of attachment to North America, and completion of
deformation. It is also important to resolve the timing of superimposed deformations.

9. Foreland Deformation and Tectonic Coupling

We consider the foreland as the peripheral region of Proterozoic North America that has undergone
deformation in Phanerozoic time (Figure 1, zone 2). Foreland deformation includes the following effects: (a)
parautochthonous contraction or extension of the type that has long been recognized in thrust and fold belts (e.g.,
Huastacan, Valley and Ridge, Rocky Mountain belts) and rift provinces (e.g., Mesozoic Atlantic coastal plain,
Basin and Range); (b) superimposition on the foreland of terranes with major individual displacement (e.g.,
Ouachitas, Roberts Mountains allochthon); and (c) the tectonic attrition of the foreland.

Each of the three foreland deformation processes can be viewed as related to the tectonic coupling of North
America to displacing terranes and/or oceanic lithospheres. It is a major question in foreland thrust and fold belts,
however, whether such tectonic coupling is the sole driving force, and, if it is, the character of stress transmission.
It is vital to evaluate this because such belts record much of the early continental margin deformation of North
America.

The cratonward sides of foreland thrust and fold belts are well studied and contain many common structures:
unmetamorphosed shelf cover strata that are detached on a weak sedimentary horizon or the basement
unconformity; imbricated or duplexed thrust packets with cratonward piggyback propagation; and bulk volume-
conservative subhorizontal shortening of about 50 percent. The structure and motions of the ocean-ward side of
foreland thrust belts are markedly less clear. What are the transitions across the belt in the depth distribution of
contractile motions and deformation mechanisms? What happens to the sole fault—does it climb section to the
oceanic side, discharge into the continental arc, or root in ductile basement partway across the belt? If the cover is
brittlely detached all across foreland thrust belts, how is displacement taken up by the crystalline crust, and what is
the fate of the basement at the oceanward margin? Are nappes of crystalline basement on the oceanward side
exotic terranes, or are they North American and a product of thick-skinned tectonics, or both? How strongly does
earlier structure at the edge of North America influence the architecture of succeeding foreland thrust belts? Do
crystalline nappes such as the Blue Ridge arise from initial declivities such as a passive margin hinge? Are major
frontal and lateral ramps in thrust belts mainly inherited or mainly virgin structures?

It is reasonable to suppose that the shove that causes foreland contraction is supplied at the active plate
margin by displacing terranes. If so, the long durations (50 to 100 my) and mainly margin-normal direction of
shortening of thrust and fold belts suggest more or less steady normal convergence at most active margins through
the Phanerozoic. These interpretations are not, however, in harmony with the apparently episodic collision of
terranes or with the evidence of major obliquity in terrane displacement relative to North America. As example,
how can the Eocene Laramide
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contraction in Wyoming be related to the concurrent highly oblique Kula plate motion at the active North
American margin? How does the apparently margin-normal contraction of the Appalachians relate to the
diachronous closure of Africa and North America from Ordovician to Pennsylvanian times? Perhaps foreland
contraction arises by intracontinental stress systems.

10. Diagnostic Geophysical Expressions of Tectonic Units

It is important to be able to identify the tectonic units that constitute most of the outer zones of the North
American continent between the Proterozoic craton and the ocean basins. Many of these units can be delineated by
surface structure and tectonostratigraphy, but geophysics provides the necessary data for determining their vertical
extent, their areal extent (where submarine or buried by younger cover), and possible evidence for their
deformation history. Most units are constructed of a number of specific geological and structural elements, and
therefore each unit has a number of geophysical signatures which together identify the particular tectonic unit.
Examples of tectonic environments are: mid-ocean ridge, island arc subduction zones, continental edge subduction
zones, passive rift and continental margins, continent-contin