Ancient Suture Zones
Within Continents

Over the last 15 to 20 years, earth sci-
ence has undergone a first-order revolu-
tion occasioned by the discovery and ap-
plication of the principles of plate tecton-
ics. According to this new view of the
earth, the outer 100 kilometers or so of
the solid earth (called the lithosphere) is
divided into a series of essentially rigid
plates which are in motion with respect
to one another. Three general kinds of
boundaries are found: (i) divergent or
constructive margins, where new litho-
sphere is formed, are principally repre-
sented by mid-oceanic ridges; (ii) con-
vergent or destructive margins, where
one plate dives beneath another, are
found primarily in island (or continental)
arc or deep-sea trench regions, such as
Japan, the Aleutians, or the Cascades of
the northwestern United States; and (iii)
transform fault boundaries, where two
plates slide past one another without
creation or destruction of lithosphere,
such as the San Andreas fault system.

This new mobilistic view of the earth
resembles and is based in part on old
ideas of continental drift. However, it is
much more specific than the drift hy-
pothesis and is supported by marine
magnetic and heat-flow data as well as by
seismic evidence. It has caused radical
revisions in all the subdisciplines of earth
science, such as the origin of volcanoes,
the evolution of climate and of life, and
the nature and occurrences of economic
mineral deposits.

One consequence of the new mobilis-
tic earth view is that continents are not
permanent features; they break apart,
drift about, and collide with each other in
the normal course of plate tectonic activ-
ity. In this process previously existing
ocean basins must disappear, except for
scattered remnants, and the margins of
formerly separate continents become
joined together in a widely deformed,
mountainous region.

The sites of former ocean basins and
the collisional mountain belts which con-
tain them are called sutures and suture
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belts, respectively (). The Alpine-Hima-
layan mountain system provides a spec-
tacular, currently active example of
just such a suture belt formed by the
convergence and collision of Eurasia
with Africa and India, as a consequence
of the opening, during the last 200 mil-
lion years, of the Atlantic and Indian
oceans.

aries. This difficulty of recognizing plate
patterns becomes more and more of a
problem as one goes backward in geolog-
ic time. It is possible, however, to make
a fairly consistent analysis for most of
the past 200 million years, that is, for the
maximum total time for which oceanic
crust has been preserved. Approximate-
ly 95 percent of earth history occurred
prior to the oldest oceanic crust in the
ocean basins themselves. Thus, even if
we accept plate tectonic activity for the
last 200 million years, we have no direct
oceanic evidence for events before that
time. What evidence there is exists sole-
ly on the continents.

The belts of seismicity that delineate
the plate margins represent data collect-
ed only from the past 70 years or so. Fur-
thermore, it is clear from the width of
seismic belts that plates are not perfectly
rigid; they can accumulate stress over
time (2). Seismic belts on continents and
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Examples in the United States include
(i) the Cordilleran mountain system, with
numerous sutures of a variety of ages,
some as old as 400 million years; (ii) the
Appalachians, with sutures ranging in
age from possibly 500 to 250 million
years; (iii) the Ouachitas-Marathons
belt, which may represent a suture 250 to
300 million years old between North
America and South America; and (iv)
various Precambrian terranes (greater
than 570 million years) where possible
sutures have been recognized in New
York (Grenville Province), Arizona,
Montana-Wyoming, and Minnesota-Wis-
consin (Fig. 1).

As outlined above, plate tectonic the-
ory has been spectacularly successful in
explaining the present seismicity and
processes of the earth. The application
of this theory to the past is less certain,
however, for a number of reasons.

Much of the observational basis of the
present theory is seismic, based on the
spatial distribution and mechanism of
earthquakes. As we extrapolate back in-
to the geologic past, we lose this seismic
guide, and it becomes difficult to recog-
nize the patterns of ancient plate bound-

in regions of collision are particularly dif-
fuse spatially and are associated with
much seismic activity within the crust.
Simplistic plate tectonic models demand-
ing perfect plate rigidity do not appear to
apply to these areas, such as the Alpine-
Himalayan region. Several recent work-
ers (3) have proposed a rigid-plastic con-
tinuum approximation for these regions.
Even if this approximation is instanta-
neously valid, it appears that the bound-
aries of rigid blocks may change or shift
with time. The ultimate result of this pro-
cess is that regions develop where non-
rigid deformation has taken place. Non-
rigid deformation features in fact domi-
nate the geology of most suture belts; a
key unresolved question is how this de-
formation is related to global-scale tec-
tonic processes.

Examination of the geologic evidence
reveals that rocks less than 600 to 700
million years old are similar to those
rocks that are thought to form during
present-day plate tectonic processes.
Proterozoic terranes, ranging in age from
700 to 2500 million years, exhibit some
rock sequences similar to present ones,
presumably indicating plate tectonic pro-
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cesses, but other characteristic rock
types are lacking, especially opbhiolites
and blue schists. Other rock suites pres-
ent in Proterozoic terranes are uncom-
mon or lacking in younger rock se-
quences, for example, anorthosites, ra-
pakivi granites, and banded iron forma-
tions. Archean terranes, older than 2500
million years, differ significantly in na-
ture from those presently observed. Pre-
sumably the tectonic processes in the
early Precambrian also differed signifi-
cantly from those found today.

Thus the study of ancient suture belts
provides a means to understand the end
product of processes of plate collision
that are going on today. In addition, such
studies are indispensable in any attempt
to elucidate tectonic processes in times
prior to that represented by the oldest
oceanic crust, hence, to any study of the
evolution of the thermal and tectonic re-
gimes of the earth.

Ancient U.S. Suture Belts

Ancient suture belts of the United
States provide excellent opportunities to
study a wide range of tectonic features
and processes. Phanerozoic belts (less
than approximately 700 million years
old) are particularly well developed, es-
pecially the Pacific margin belt (Cordille-
ra) and the Appalachians and their cor-
relatives to the south and west (Fig. 1).
The Cordilleran belt has a history begin-
ning with rifting in the late Precambrian,
followed by development of a complex
sequence of passive margins, consuming
margins, collisions, ophiolite emplace-
ment, and large-scale lateral movements
extending to the present time. The Appa-
lachian belt represents at least one conti-
nent-continent collision belt with a his-
tory beginning in the late Precambrian,
culminating with collision of the North
American and Gondwanan continents in
late Paleozoic time. The Quachitas sys-
tem is of similar age, but its origin is less
certain. Exposed Precambrian terranes
in the United States are not as complete
as some, yet they provide a number of
features pertinent to a comprehensive
understanding of the evolution of tecton-
ic processes.

Criteria for Recognition

A number of features observed in
mountain ranges and deformed belts may
be used to infer the existence of a suture.
Associated with each of these criteria are
problems of interpretation, the solution
of which would greatly enhance one’s
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understanding of the criteria and their
significance. These criteria and some re-
lated problems are as follows:

Ophiolite belts. Ophiolites are a
pseudostratigraphic sequence of rocks,
consisting from bottom to top of ultra-
mafic rock, mafic intrusives, mafic ex-
trusives, and deep-sea sediment. They
commonly are interpreted as represent-
ing slices of oceanic crust formed in
areas of spreading and emplaced on land
by subsequent tectonism. Opinions dif-
fer on whether they represent mid-oce-
anic, back arc basin, or island arc litho-
sphere and on the mechanism of em-
placement. A better understanding of
ophiolites and their occurrence would
aid significantly in inferring ancient
spreading processes as well as the
processes of subduction and collision
“@).

Overthrust belts involving continental
marginal sequences. These are of two
types. The first comprises regions where
deep-water or oceanic sequences are
thrust over continental marginal se-
quences. Evidence of ophiolite com-
plexes may be absent or only fragmen-
tary. Examples of such occurrences in-
clude the Antler sequence in the Cordil-
lera (5), the Taconic system of the
northern Appalachians (6), and the Oua-
chitas system (7). The second type in-
cludes décollement-style fold and thrust
belts of miogeosynclinal sequences over
shelf deposits. Examples of this type of
structure include the fold-thrust belt in
the North American Cordillera, extend-
ing from southeastern California through
Utah, western Wyoming and Montana,
to northernmost Canada and the Appala-
chian Valley and Ridge Province, ex-
tending from Alabama to New York and
beyond. Opinions differ on the tectonic
significance of these features. The origin
of some of these belts in response to col-
lision seems certain (for example, the
Appalachian Valley and Ridge belt and
the Zagros fold-thrust belt in Iran), but
other belts have not yet been related
clearly to collisional events (for ex-
ample, the Sevier belt of the U.S. Cordil-
lera and the Andean fold belt) (7). A key
factor in the interpretation of these belts
is the environmental significance of the
continental margin sequence itself, that
is, whether it represents a passive, ac-
tive, or transform margin. This inter-
pretation is made by comparing the
rocks in question with those forming
today in the appropriate tectonic settings
@®).

Varied or discrepant paleomagnetic
directions in rocks of equivalent age in a
given mountain belt. Such directions in-
dicate that the rocks originated at dif-

ferent locations and were brought togeth-
er by large-scale drifting movements.
For example, the paleomagnetic inclina-
tion of Triassic basalts in ‘*Wrangellia’’
in the North American Cordillera in-
dicates that they formed in a latitude
thousands of kilometers south of their
present location (9). Similar results have
been obtained from rocks within the
Grenville belt, relative to older rocks of
the Canadian shield. In addition, lower
Tertiary rocks of the Pacific Northwest
show magnetic directions at a large angle
to those of rocks of similar age on the
North American continent (/10). A prob-
lem associated with the widespread ap-
plication of this technique to most moun-
tain belts is that rocks in suture belts
generally are deformed or metamor-
phosed, or both; it is difficult to establish
their age, and paleomagnetic directions
are difficult to interpret (/1). Paleomag-
netic work on Precambrian rocks also
currently is imprecise (I0). Never-
theless, much more data from U.S. mo-
bile belts, both Precambrian and young-
er, will be required.

Paired metamorphic belts and island
arc sequences . The presence of adjacent
blue schist and green schist belts of
metamorphic rocks of the same age
range implies the presence of a consum-
ing plate margin. In theory, the polarity
of subduction can be obtained from these
sequences, but in practice the determi-
nation is complicated by polymeta-
morphism (superposition of one meta-
morphic assemblage over another), by
changes in the polarity of subduction,
and by the possible effects of collision
(12). Compositional variations in volcan-
ic sequences also are complicated by
chemical mobility during metamorphism
(13). So far, successful application of the
composition versus depth-to-subduction
zone relationship in ancient arc rocks is
rare. Potentially, however, such studies,
coupled with determination of the pres-
sure-temperature conditions of the meta-
morphism and magma generation, will
provide valuable comparisons with geo-
logically young systems.

Shelf benthonic province boundaries.
Present shelf benthonic provinces mirror
the plate tectonic configuration of the
world. The East Pacific Rise and the
Mid-Atlantic Ridge represent lines corre-
sponding to long-recognized faunal bar-
riers. The Indonesian island arc system
and the accompanying midplate islands
to the east (Tuamotu Islands and Line Is-
lands) represent faunal dispersal routes
(14). Such relations are a potential tool
for unraveling plate boundaries between
continents in the past, for example, dur-
ing Paleozoic time. Recognized faunal
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differences, such as the European-Amer-
ican distinctions of Ordovician age and
the California-Nevada differences of Or-
dovician and Silurian ages, may reflect
the presence of ridges or transform faults
(which also may constitute faunal bar-
riers) between the rocks in question at
the time of their formation (/5).

Boundaries between radiometric age
provinces. In some cases where geologic
relationships are appropriate, bounda-
ries between igneous or metamorphic
rocks of different ages may represent su-
tures (16). In other cases, however, such
as in the Sierra Nevada or the Alps, such
boundaries bear little or no relationship
to recognized sutures. Thus this criterion
must be used with caution.

Geophysical methods. A number of
geophysical techniques have been used
successfully to identify ancient sutures.
Gravity and magnetic methods have
been used to trace the Taconic suture in
the northern Appalachians, and also to
identify a possible suture in the southern
Appalachians (/7). Ophiolites in many
parts of the world may be traceable on
magnetic anomaly maps. The Con-
sortium for Continental Reflection Pro-
filing seismic lines in the southern Ap-
palachians have been extremely success-
ful in delineating a suture (/8). European
seismologists have identified old dipping
slabs of lithosphere in the Alps and
Apennines (/9).

The principal contribution of geophys-
ical methods to the recognition of suture
zones is to enhance, or in areas of poor
exposure to provide, the three-dimen-
sional view otherwise obtainable from
direct field observations. In ancient su-
ture regions, however, the existing
three-dimensional picture must be used
with caution, as it represents only the fi-
nal state in a long and complex evolu-
tionary process. This situation is in con-
trast to that common in marine geophys-
ics, which provides a three-dimensional
view presumably reflecting presently ac-
tive tectonic processes.

Structural discontinuities and shear
zones. These features may be especially
important indicators of suture zones. In
particular, they appear to be essential for
the identification of possible suture
zones at substantial depths. Features
that have been used include intersecting
and strike-discordant trends of regional
structures separated by a discontinuity,
and fault and mylonite zones (mylonite
zones are especially valuable when one
is attempting to identify deep-level ex-
posures of sutures). The direction and
amount of movement on these fault
zones often can be determined. Many
fault zones experience separate and con-
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tradictory episodes of movement, how-
ever. Some zones may have an early dip-
slip history overprinted by a later strike-
slip history. If conditions are favorable,
however, the rate of movement and of
strain can be deduced from the fabric of
the rocks, and the thermal conditions
during movement can be estimated as
well 20).

Melange complexes. These com-
plexes, which constitute chaotic mix-
tures of unrelated or diverse lithologies,
often are used to infer the existence of
ancient sutures (/). The proposed origins
of these complexes represent three
broad tectonic environments: (i) by sub-
marine sliding off submarine escarp-
ments, particularly along rifted continen-
tal margins; (ii) by brecciation, tecton-
ism, and landsliding along transform
fault zones; and (iii) by deformation and
possibly sliding associated with sub-
duction zones. Critical outstanding prob-
lems of melanges include criteria for dis-
tinguishing between tectonic versus sedi-
mentary deformation, between the three
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proposed origins, and the problem of re-
newed movements.

Stratigraphic differences across de-
Sformed zones. Two regions of crust with-
in a deformed belt may exhibit rock se-
quences which differ so sharply from one
another that they could not possibly re-
sult from facies changes. Such dif-
ferences may indicate that one or both
regions represent a discrete block or mi-
crocontinent separated from the other by
a suture (21).

Proposed Plan of Study of Ancient Sutures

Although a great deal of work has been
done on possible and recognized suture
belts in the United States, much of it is
outdated. This observation assumes
great importance when one realizes that
the quality of field geologic data avail-
able very much depends upon questions
posed during fieldwork and thus upon
the ideas in the mind of the. geologist.
Consequently, many investigators work-

Fig. 1. Generalized map of North America showing suture belts and suggested division into
segments. Modified after (26). Segment A, Appalachian; C, Cordilleran; O, Ouachitas-Mara-

thons; and P, Precambrian.
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ing before recent advances in petrology
and paleogeography and particularly be-
fore the plate tectonic revolution did not
make the kinds of observations required
to allow modern interpretation. In addi-
tion, the United States never has benefit-
ed from a systematic, consistent, long-
term regional program of geologic map-
ping such as that of the Western Euro-
pean countries, Canada, and Japan.

Thus a program for the study of an-
cient suture belts would have two parts:
first, an assessment of existing data, and
second, and more important, a rational
plan for new work based on that assess-
ment. For the first part, the plate margin
cross sections constructed during the
U.S. Geodynamics Program (published
in the Geological Society of America
Maps and Chart Series) might well serve
as a good starting point. However, three
limitations on these cross sections ren-
der them an inadequate base for new tec-
tonic analyses of the type envisioned.
First, they are two-dimensional, and a
three-dimensional process is involved.
Large-scale strike-slip faulting is appar-
ently very important in the history of the
Alpine-Himalayan system (3), in the
Cordillera (9), and in the Appalachian-
Hercynian system (22). Indeed, it may
prove to be a more important tectonic
process than the better recognized sub-
duction and overthrusting. Second, cov-
erage is not complete. The cross-sec-
tions project considered only the Oua-
chitas and Cordilleran systems. Neither
the Appalachian system nor the Pre-
cambrian system was analyzed. Third,
the cross sections are based upon exist-
ing data. In some cases, these data were
collected almost a century ago by ob-
servers who had an entirely different
frame of reference and who were not at-
tempting to answer the same questions
we now pose. Although in many cases
the observations are valuable, even re-
markably perceptive, many are not com-
plete enough to satisfy modern needs.
The construction of many of the cross
sections has emphasized that we have
outgrown the field data available for
many of the deformed regions of the
United States.

For these reasons, a massive new pro-
gram of study is critically needed. The
main aim of this proposed program
should be to provide, above all, modern
detailed maps and cross sections of the
major suture belts in their entirety.
These maps would provide the basis for
numerous further multidisciplinary stud-
ies aimed at elucidating the tectonic his-
tory and processes recorded in the re-
gions and the accompanying physical
conditions.

Investigators could proceed either by

considering each belt as a whole or by
initially separating a particular belt into
units for detailed treatment, to be fol-
lowed by integration of all the informa-
tion. From a practical standpoint, the lat-
ter approach may be more efficient.
Hence, [ suggest below initial separation
of belts into segments representing re-
gions along the strike of a suture belt that
appear to display approximately uniform
geometry and history. Other separations
might be equally useful. A point to em-
phasize, however, is that such a separa-
tion should be for initial analysis only, to
break up the regions into portions of
manageable size. In view of the possible
large-scale horizontal movements of ter-
rane into, within, and out of the suture
belts, a key element in such a program
would be continued collaboration be-
tween work groups in separate segments
and ultimately a synthesis of all the infor-
mation from the entire belt. Suture belts,
suggested segments, and possible ques-
tions to be addressed are listed below
(Fig. 1).

North American Cordillera

General questions about the North
American Cordillera include:

1) What was the age of inception of
the Cordilleran system?

2) What is the relationship between
various old sedimentary sequences in the
Cordilleran system (for example, the
Shoo Fly Formation of Sierra Nevada,
together with equivalent rocks of the
Klamath Mountains and Nevada), and
what is their relationship to old (early Pa-
leozoic) ophiolites?

3) What was the nature »f the Antler
orogeny, and what is its relationship to
earlier deformation events present far-
ther west?

4) What was the nature of succeeding
orogenies, such as the Sonoma and Ne-
vadan?

5) What are the number, timing, and
origin of exotic terranes? What was the
mechanism of their emplacement, and
what tectonic events accompanied their
accretion to North America? Can these
tectonic events serve as a guide to ana-
lyzing older and less well-preserved pos-
sible accretionary belts?

6) What is the applicability to the
North American Cordillera of tectonic
models derived from southeast Asia and
Indonesia, or the Alpine region, or
southern Alaska?

7) What was the nature of the origin
and emplacement of Cordilleran ophio-
lite terranes, in comparison with oceanic
and Tethyan sequences?

8) What is the detailed intrusive and

metamorphic history of the Cordilleran
regions? What are the radiometric ages,
compositional variations, or relation to
deformation?

Suggested segments of the U.S. Cor-
dillera and their approximate dimensions
(in kilometers) are as follows (see Fig. 1):
C1, Brooks Range-Seward Peninsula-
Yukon region (1000 by 1500); C2, Alaska
Range-Alaska Peninsula (500 by 1000);
C3, southeast Alaska (300 by 1000); C4,
southern Oregon to the Canadian border,
Pacific Coast to the High Plains (500 by
1000); C5, southern Oregon-Klamath
Mountains-northern Coast Ranges-
Sierra Nevada to Nevada (650 by 1100);
C6, central Coast Ranges, southern
Sierra Nevada to the Colorado Plateau
(500 by 650); and C7, southern Coast
Ranges-Mojave Desert-Colorado Pla-
teau (300 by 500). Work in the Cordil-
lera should be closely coordinated with
that in Canada, Mexico, and Central
America.

Ouachitas

General questions about the Quachitas
region include the following:

1) What is the nature of the deforma-
tion? In particular, where is the suture, if
any, and what are its characteristics?

2) What is the relationship of the Oua-
chitas belt to the Appalachians and the
Cordillera, and to deformed belts of
northwestern South America, western
Africa, and Central America? This ques-
tion clearly calls for international consid-
eration and cooperation.

Suggested segments and their approxi-
mate dimensions (in kilometers) are as
follows (see Fig. 1): O1, Ouachitas prop-
er (250 by 650); and 02, Marathons-an-
cestral Rockies of New Mexico and Col-
orado (150 by 1000, discontinuous).

Appalachians

Possible general questions about the
Appalachians include:

1) What are the number, ages, and ge-
ometry of Appalachian sutures?

2) What is the nature and continuity of
the Brevard structure, across and along
the strike?

3) Do the U.S. Appalachian ultramaf-
ic belts represent a continuation of su-
tures delineated in Newfoundland and
Quebec by Canadian workers?

4) What are the relations of the Ap-
palachians to their possible contin-
uations in Europe, western Africa,
northern South America, and Central
America? Clearly, international coordi-
nation and cooperation is necessary.



Suggested segments and their approxi-
mate dimensions (in kilometers) include:
Al, southern Appalachians to the North
Carolina-Virginia boundary (500 by
700); A2, central Appalachians to the
Pennsylvania-New York region (300 by
700); and A3, northern Appalachians
(400 by 700).

Precambrian

The Precambrian era poses special
problems. Although many structural and
stratigraphic patterns in late Pre-
cambrian ‘rocks resemble those of the
Phanerozoic, older terranes present dif-
ferences which make them difficult to
compare with modern plate tectonic
models. For example, ophiolites are un-
known in most, if not all, deformed re-
gions older than 1000 million years (4,
23). A key question is, What kind of
evidence should one look for to detect
the presence of sutures in older Precam-
brian terranes? The Precambrian record
in the United States is incomplete. Expo-
sures are spotty and do not lend them-
selves as well to segmental division as
the Phanerozoic regions. Age divisions
are known in the Precambrian, but in
some cases these age boundaries define
belts of intrusive activity rather than
suture boundaries.

Precambrian terrane segments sug-
gested for study and their approximate
dimensions (in kilometers) include the
following: P1, western Arizona-New
Mexico to Montana (700 by 100, discon-
tinuous); P2, Grenville Province (400 by
700); P3, the Minnesota-Wisconsin re-
gion; and P4, the midwestern region.
Special problems for the P1 area include
the relation of Wyoming province and
younger rocks, possible sutures in Ari-
zona and Wyoming, and their contin-
uation. This latter region is one of pro-
posed study in the Continental Scientific
Drilling Program (24, pp. 77-79). The P2
region is not well exposed in the United
States, except in northern New York. A
special problem is whether a suture or
sutures are present. The often cited
“‘Grenville front”’ is a complex structural
and metamorphic boundary, but continu-
ity of sediments across the ‘‘front” sug-
gests that it does not represent a suture.
If present, the suture may be to the
southeast, in a region of high-metamor-
phic grade. To solve this problem, one
needs to see through the deformational
and igneous and metamorphic history of
the region (to recognize the suture, if
present). For this area, close coopera-
tion with Canadian workers is essential.
In the P3 area, tectonic regimes similar
to modern ones have been suggested by

Van Schmus et al. 25). Again, close
cooperation with Canadian workers is
essential. This area also is one men-
tioned as a possible continental drilling
target (24, pp. 64-69). Information on
isolated outcrops in the midwestern and
southwestern United States (P4) should
be compiled and augmented for close
comparison with other regions.

Recommended Procedures

1) The quality of field data should
be assessed. Available detailed mod-
ern geologic and geophysical field da-
ta should be compiled on a scale of
1/100,000 to 1/250,000. This would be fol-
lowed by detailed reconnaissance of
poorly known areas. This phase of the
project should take approximately 2
years, or perhaps longer.

2) After compilation of existing data
and reconnaissance of the leftover re-
gions, critical areas or topics in each seg-
ment should be selected for specific
study. Studies should focus on multi-
disciplinary approaches to the under-
standing of a given problem and should
include, but not be limited to, the follow-
ing topics: (i) the areal distribution of
rock types and the nature of the bound-
aries between rocks or terranes; (ii) the
three-dimensional distribution of rocks
derived from both direct and indirect
(geophysical) means; (iii) precise dating
of the rocks, achieved by the dating of
stratigraphic sequences, using fossils
where present (recent advances in Meso-
zoic and Paleozoic biostratigraphy of ra-
diolarians are already causing a revolu-
tion in our ideas concerning the Cordille-
ra and should be extended to other ar-
eas); by the dating of eruptive sequences
by diverse radiometric means, for exam-
ple, uranium-lead, rubidium-strontium,
Ar-3%Ar, and neodymium-samarium;
and by determining the timing and se-
quences of metamorphism; (iv) petrogra-
phy, petrology, and environmental sig-
nificance of rock suites; paleogeography
of sedimentary rocks, and pressure-tem-
perature conditions and the tectonic set-
ting of metamorphic and igneous rocks;
and (v) detailed geometric, kinematic,
and dynamic analyses of structural fea-
tures.

Conclusions and Recommendations

1) The proposed program aims at a
quantum leap in our knowledge of U.S.
ancient suture zones, which will put
knowledge of these regions on a level
equal to that achieved in other advanced
countries, such as Switzerland, France,

Britain, Canada, Japan, or with that
available from the oceans.

2) A key ingredient to understanding
ancient suture belts is asking the right
questions, which in turn requires famil-
iarity with key concepts or areas. Sum-
mer field geologic institutes should be re-
vived on a regular and systematic basis.
The focus of this program would be to
afford the opportunity for workers from
various parts of the United States to ex-
amine other areas or, if appropriate, se-
lected regions outside of the country for
1 to 3 weeks. Budget needs would in-
clude funds for minibuses with four-
wheel drive, transportation, and subsist-
ence for participants.

3) This project should encourage par-
ticipation from academic, governmental,
and industrial personnel. Special atten-
tion should be given to encouraging aca-
demic participation, in particular, the
maximum possible participation of quali-
fied students, who represent our future
and from whom most of our good ideas
derive. In this context, funds should be
made available for adequate support of
graduate students and of postdoctoral
fellows. Recently an increasing amount
of academic effort has gone into the ap-
plication for and administration of
grants. Every possible step should be
taken to minimize the red tape necessary
to obtain and use funds. In order to max-
imize their effectiveness, academic prin-
cipal investigators need the ready avail-
ability of postdoctoral assistants.

Another desirable goal would be pro-
vision for increased short-term hiring of
student assistants by U.S. Geological
Survey personnel on the project. Funds
also should be readily available to allow
academic personnel to take a short
course on topics such as new geophysi-
cal techniques, as appropriate.

4) To maximize the effectiveness of
the project, it seems advisable to keep it
relatively decentralized, within the con-
straints of the overall objective. Except
for overall guidelines and policy, it might
be advisable to handle funding on an in-
dividual basis. This approach would be
directed toward attempting to maximize
diversity and to hone ideas through
friendly competition and would ensure
maximum consideration of all possi-
bilities. It might be useful, however, to
require that any proposed work to be
supported under the auspices of this
project be demonstrably multidisci-
plinary in nature, either by establishing a
project with two principal investigators
in separate fields of earth science, collab-
orating on a single goal, or by designing
the project so that the application of
more than one discipline is clear-cut.

5) More than ever, geology is an inter-



national subject. Although the emphasis
here is on U.S. terranes, clearly an es-
sential ingredient of this kind of program
is comparison with equivalent terranes
and structures in other areas. Inter-
national cooperation and coordination
thus are necessary. A key ingredient in
such international programs would be in-
creased competence of American per-
sonnel in appropriate foreign languages.

6) Major unknowns include the nature
of oceanic crust and the nature of pro-
cesses in consuming margins. A valuable
aid to this project would be a continued
systematic program of scientific drilling
in the oceanic crust and in active margin
areas.

7) In a program of field geology, a crit-
ical need is funds and facilities for ade-
quate publication and dissemination of
detailed areal maps, many or most in col-
or. This requirement is basic to any
meaningful analysis, for what is needed
is access to the primary field data, which
can be illustrated adequately only on
such maps and which are rarely shown at
all on the small-scale sketch maps cur-
rently in vogue in most publications.
Sadly, publication of such maps has
grown progressively more difficult over
the last few years and currently is limited
in the United States primarily to the
Geological Society of American Map and
Chart Series. Although this series is sat-
isfactory as far as it goes, it is not ade-
quate at present for all the needs of the
geologic community. Other avenues of
publication, such as publications of the
state geological surveys, need more em-
phasis. The expenses entailed in such a
program are not insignificant, but they
are not outlandish when compared with
the laboratory budget requirements in
other earth science branches, such as
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geophysics or geochemistry, or in the
other physical sciences.

8) Implicit in this proposal is, of
course, a ‘‘quantum jump’’ in the
amount of financial support for interdis-
ciplinary field studies in earth sciences.
One can make, however, a rough calcu-
lation of the amounts necessary for this
program, based on estimates of the
amount necessary (say, $25,000) for one
person-year of such field-oriented stud-
ies. These calculations indicate that the
investment over the next 10 years of,
say, the monetary equivalent of the Glo-
mar Explorer Program would result in
roughly 25,000 person-years devoted to
the study of suture belts. This is not to
suggest that such an investment is either
necessary or desirable. Even if it were, it
is doubtful that the personnel are avail-
able to absorb intelligently such funds in
the time allotted. The important point is
that fieldwork such as that proposed is
comparatively cheap; a relatively mod-
est investment of funds, even one-tenth
as much as allotted to the Glomar Ex-
plorer Program, over the next 10 years
would result in the sought-after quantum
jump in our knowledge.

9) Finally, the economic implications
of oceanic metal deposits presently
forming at spreading ridges in the oceans
have become common knowledge. As
ancient sutures provide the only identi-
fiable remnants of oceanic regions older
than 200 million years, a better under-
standing of these zones in the United
States clearly has potential economic
benefits as well.
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