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EUGEOSYNCLINAL BASEMENT AND A COLLAGE
CONCEPT OF OROGENIC BELTS
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. ABSTRACT
The perception that orogens may be divided into eugeosynclines having abundant volcanic rocks and

miogeosynclines lacking volcanics triggered the hypoth

esis that eugeosynclines are perhaps ancient island

arcs. Subsequent geophysical and geological studies supported a concept of eugeosynclines as at least partly
comprising ancient oceanic terranes as well as arcs. It has become increasingly evident that to understand the
role of orogenesis in crustal evolution the extent of oceanic crust in the basement of eugeosynclinal belts

must be determined.

A consistent feature of eugeosynclines is their composite nature as manifest in elongate tectono-strati-
graphic units or tectonic elements. The stratigraphic, tectonic, and plutonic and metamorphic evolution of
each element is distinct and yet is partly related to adjacent elements. Major tectonic elements are separated

by long-lived faults. The lithological sequence of each
nature and history of its boundaries. Ancient eugeosyn
son with modern tectonic elements clearly related to pl
‘is highly varied, and thus all eugeosynclinal zones are

Tectonic processes play a key role in determining

element is correlated with its basement type and the
linal tectonic elements may be elucidated by compari-
ate motions. The basement of such tectonic elements
not ensimatic.

preservation and mode of occurrence of oceanic litho-

sphere in orogens. To survive orogenesis, oceanic crust must have a thick low-density cap or be tectonically
intercalated with thick lower density materials. Preservation of oceanic crust and mantle within orogens
therefore requires some mechanism of crustal thickening, commonly by sedimentation (to form buried base-
ment of sedimentary furrows), magmatism (to form basement of oceanic arcs), or tectonic imbrication (to
form ophiolite sequences and mélange belts). In the absence of such mechanisms, gravity and subduction can
efficiently remove dense oceanic lithosphere from the crust. The crust of continental rifts, rhombochasms,
sphenochasms, marginal basins, oceanic arcs, and remnant basins is susceptible to the crust-thickening
mechanisms mentioned above and is, therefore, more abundantly preserved in orogenic belts than is normal

ridge-generated oceanic crust.

The diagnosis of ensimatic tectonic elements within ancient orogens is difficult, but the composition of

igneous rocks and other data can be related to basement composition. The composition of detritus can also

indicate the nature and time of linkage of source blocks. .
The.sialic vs. simatic nature and extent of the initial basement of eugeosynclinal zones are highly varied :

and are dependent upon the evolution of the individual orogen in terms of geometry and nature of starting
conditions, rifts, arcs, marginal and remnant basins, subduction zones, and strain history. The addition of
oceanic and mantle materials to the continents by orogen accretion is complex due to the interaction and
evolution of many processes. Single processes may be described but not single theories or finite models of -
orogenesis. Each orogen is a unique time-space collage of mappable elements, all generated, assembled, and .

rearranged by tectonic processes.

INTRODUCTION

The most interesting scientific questions in-
variably seem to deal with that which is just be-
yond our powers of observation. Such is true
with the deep structure of orogenic belts, in par-
ticular the question of the nature and origin of
the basement of eugeosynclinal blets. This ques-
tion is fundamental to our understanding of
orogenesis and crustal growth.

Eugeosynclinal belts have been identified as
the sites of continental accretion, either because
they rarely have any presumed basement ex-
posed, or because the oldest exposed rocks are
ophiolites or greenstones. If eugeosynclinal belts
develop on preexisting sialic crust (ensialic),
continental growth is dominantly vertical; this
would be true if orogens are essentially tecto-
nized continental shelf-slope-rise complexes. If

eugeosynclinal belts are ensimatic, forming be--

yond continental margins on oceanic crust, then °
the continents have expanded laterally at the .
expense of ocean basins by accretion of eugeo- -
synclines (Stille, 1941; Wells, 1949; Wilson,
1949; Kay, 1951; Drake and others, 1959; Dietz,
1963). According to plate tectonic concepts,
both types of continental growth occur, although
the problem remains to distinguish the tectonic
elements, igneous rocks, and sediments of oro-
gens that represent oceanic crust or upper
mantle contributions (Dewey, 1969).

Stille (1941), Kay (1944), Wilson (1949),
and Hess (1962) fully realized that a most im- -
portant component of the eugeosyncline is the
island arc. Few geologists realized the signifi--
cance of this comparison or the need for rigor- .
ous study of island arcs. The great strides of -
marine geology, seismology, and volcanic geo-
chemistry over the past decade have led to the
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new global tectonics (Isacks, Oliver, and Sykes,
1968) whereby island arcs and engeosynclines are
related to the motions of large crustal plates
(Dewey and Bird, 1970).

There have been many recent attempts to in-
tegrate orogenic geosynclinal concepts with plate
tectonics. Most of these attempts have been
strongly inferential on the basis of limited new
observations of Mesozoic and Cenozoic moun-
tain belts rather than being strongly deductive
on the basis of new critical observations of pre-
Mesozoic orogeny. In fact, a greater reality
seems to be attached to what may be called
plate models of orogenic belts than to the belts
themselves (Helwig, 1973). Plate tectonics is
not yet a complete orogenic theory (Smith,
1971). The great contributions of legions of
geologists who have worked in mountain belts
are in danger of being cast aside (Triimpy,
1971), and there is a real need to rediscover old
ideas and concepts as shown by White and
others’ 1970 reintroduction of the term subduc-
tion and by Hoffman’s (this volume) use of
“aulacogen.” Perhaps this is rather like the
biologists’ need to rediscover Mendel sixty years
ago. A major contribution of this book, and of
the conference on which it is based, should be
its emphasis on the significance of past and fu-
ture research in mountain belts as a means of
contributing to fectonic theory.

Two unifying concepts of orogenic theory are
tectonic elements and tectomic processes. The
ultimate driving forces of plate motions and
mountain building (McKenzie, 1972) are pres-
ently unknown. This paper proposes that the ini-
tial nature and distribution of basement types are
correlated with the initial and subsequent differ-
entiation of tectonic elements and with the se-
quence of tectonic processes affecting the ele-
ments during the evolution of mountain belts.
Thus, we may conclude that knowledge of initial
basement, especially “zones of geosynclinal sys-
tems which can be demonstrated to have been
initiated directly on an oceanic crust” (Khain,
1972, p. 211), is of fundamental importance in
describing and understanding orogenic belts. A
conception of orogenic belts as collages of base-
ment-controlled tectonic elements may be con-
sidered as an extremely useful approach toward
description and understanding of orogens. It
must be understood, nevertheless, that the ulti-

_mate origins of tectonic elements, and of the

sequence of tectonic processes whereby they are
assembled, is a problem beyond present skills
and knowledge.
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NATURE OF TECTONIC ELEMIENTS
IN OROGENIC BELTS

Even an untutored but careful observer may
note that mountain chains contain paralle]
elongate zones of contrasting topography and
lithology. These I call tectonic elements. They
are an intrinsic feature of mobile belts. Tectonic
elements have many names, for example, belts
units, zones, isopic zones {Aubouin, 1965), and
assemblages (Monger, Souther, and Gabrielse,
1972). (See King, 1969, p. 1-30 for discussion.)
Tectonic elements here may be defined as mostly
elongate regions of relatively homogeneous de:
formational, igneous, sedimentary, and meta-
morphic history as contrasted to adjacent ele-
ments within a mountain belt. The essence of a
tectonic element is continuity in space and time,
but a given tectonic element may be either a
composite or a distinct part of several super-
posed elements representing a temporal progres-
sion and (or) a spatial migration, Similarly,
tectonic elements may be recognized on different
scales. Thus, the term “eugeosyncline,” or
“eugeosynclinal belt,” is admitted to include
many smaller tectonic elements (Kay, 1951).

This concept of continuity, in structure, stra-
tigraphy, metamorphism, and in plutonism, is
evident in every published map and paper con-
cerned with mountain belts, and it demonstrates
the need for simultaneous solving of many prob-
lems when studying orogenic belts. Whatever
the scheme of subdivision, contrasts of tectonic
elements are real. For example, structural units
coincide with stratigraphic units, and element
boundaries often prove to be major faults
(Borukayev, 1970), all of which demonstrates
fundamental contrast between adjacent elements
in space and time.

If tectonic elements are universal features of
mountain belts, one immediately reasons that, if
similar elements are found in different moun-
tain belts and if their spatial and temporal re-
lations are similar, it is possible to formulate a
general descriptive theory of mountain bulding,
a theory of the orogenic cycle. Such reasoning
underlay all orogenic theories until the time of
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plate tectonics (Coney, 1970). Each theory was
an attempt to provide a general explanation of
mountain belts on the basis of sedimentation
(Hall, 1859), crustal nature (Haug, 1900), de-
formation (Kober, 1928), or magmatism (Stille,
1941), but strong emphasis was given to the
determinative role of geosynclines (e.g., as ele-
gantly proposed by Aubouin, 1965).

With the advent of plate tectonics, the major
objective of orogenic synthesis has been to
establish the relation between tectonic elements
that were so beautifully analyzed by orogenic
geologists and the Mesozoic-Cenozoic tectonic
elements that were inferred to be clearly re-
Jated to plate models (Mitchell and Reading,
1969 Bird and Dewey, 1970).

TECTONIC ELEMENTS : PLATE MODELS VS.
REAL MOUNTAIN BELTS

A summary comparison.—Tectonic elements
have been defined in both plate models and
orogenic syntheses. Each element, therefore, has
overlapping meanings and commonly has two
terms applied to it. Some elements can be clearly
identified only in the modern, others in the an-
cient. That all important species of tectonic
elements have been recognized is uncertain, and
that more than two terms exist for the same
type of element exposed or preserved in con-
trasting geological contexts or at different struc-
tural levels is equally unclear.

Three observational classes of tectonic ele-
ments exist:

(a) The first class of tectonic elements com-
prises those elements that are recognized clearly

_in both active tectonic environments and ancient

orogenic belts, but it includes nonorogenic ele-
ments. This class includes tectonic elements
formed at consuming plate margins, accreting
plate margins, midplate positions, and at post-
orogenic successor basins (table 1, A).

(b) The second class of tectonic elements en-
compasses those elements that probably are
identified correctly in both active and inactive
orogenic belts, but these may evoke dispute.
This class includes a variety of tectonic ele-
merits: trenches, marginal basins, midocean
ridges, miogeoclinal and eugeoclinal ridges, and
paired metamorphic belts (table 1, B).

(¢) The third class of tectonic elements com-
prises those elements which are attributed to
plate models or are found in mountain belts but
not both. These elements are significant, but
often elusive, and further work should be done
in order that we may better recognize them.
Tectonic elements of this kind in plate models
include the sediment prism of the ensimatic
continental rise, the ocean floor itself, the outer
sedimentary arcs of island arcs, and the East
Indies-type of isolated small ocean basin. Tec-
tonic elements that are difficult to identify in
plate models but that are obvious in orogenic
belts include, for example, deep-water ensialic
foredeep furrows, nappes, and gneiss-dome belts.
In addition, tectonic elements of questionable
definition or smaller scale exist that are not
considered here. Many te¢tonic elements in oro-
genic belts may be unigite to the extent that
they possess a polyphase history.

Resolving the differences—The complexity of

TaBLE 1.—TECTONIC ELEMENTS INCORPORATED INTO OROGENIC BELTS

Tectonic element

Young example

Other possible or probable terms

A. Oceanic arc* Tonga arc
Cordilleran arc Andes arc
Detached arc Japan arc

Pericratonic foredeep Andean foredeep

Successor basin
Miogeocline

B. Marginal basin*
Arc-trench gap* :
Trench* Tonga Trench
Rift basin®
Aulacogen
Miogeoclinal ridge
Eugeanticlinal ridges* sedi-
mentary inactive arc

Philippine Sea
?

Benue Trough

Microcontinent Corsica
Midocean ridge* Iceland
Oceanic island* Hawaii
Sphenochasm™* Bay of Biscay

Cayman Trough

Rhombochasm*
Black Sea

Remnant sea*

Great Valley, California
Atlantic coastal plain

East African Rift, Red Sea

Andaman arc, New Hebrides

Island arc, eugeosyncline

Same

Same

Exogeosyncline
Epieugeosyncline
Paraliageosyncline, miogeosyncline
Eugeosyncline, small ocean basin
Eugeosyncline, high P/T belt
Eugeosyncline, high P/T belt
Taphrogeosyncline
‘Taphrogeosyncline

Outer basement ridge, Atlantic shelf ~ Barrier en creux

Tectonic and eugeanticlinal ridges
Block

Small ocean basin '
Eugeosymncline, small ocean basin
Small ocean basin

Asterisk indicates elements with oceanic basement or partly oceanic basement.
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TABLE 2.—FEATURES OF BOUNDARIES OF TECTONIC ELEMENTS

Major (plate) boundaries

Essential feature

Examples, boundaries of other
tectonic elements )

. . Marginal Ocean Pericraton;

Accreting Consuming Transform basin arc fored egglc
Subduction + +
Normal faulting + + +
Strike-slip fault + +
Obduction/thrusting + + +
Truncation of tectonic trends + + +
High P/T metamorphism i +
Ophiolite + + + +
Bounds plutonic arc + +4- +
Bounds shelf deposits + +
Bounds pelagites + +
Bounds submarine fans + + + +
Bounds flysch + + +
Bounds molasse + + + + +

assembled and crushed tectonic elements com-
prising each mountain belt has led to a complex
terminology for classifying tectonic elements.
Many terms overlap or have multiple meanings,
and some definitions have changed or lost mean-
ing with time and usage (Coney, 1970). Plate-
model terminology for tectonic elements that is
based upon use of specific named active tectonic
elements as analogues appears to offer a rela-
tively objective descriptive and genetic frame-
work for classification and is recommended.
However, there are several reasons why an
eclectic terminology retaining old purely de-
scriptive terms (table 1) should be maintained.
(See Khain, 1972, and Zonenshain, 1972, for
other views.) .

The first reason is ignorance. Much is yet to
be learned of the presently active mountain belts
before they can be characterized and causally
related to plate motions and (or) other tectonic
processes (Gilluly, 1972).

The second reason is time, as related to orog-
eny. In order to understand tectonic elements,
progressive stages of development at different
structural levels of exposure must be known.
Hence the study of deeply eroded ancient moun-
tain belts must be integrated with study of young
tectonics.

The third reason is that tectonic elements
may be polygenetic (table 1). There may be
several generative settings for similar classified
tectonic elements and their sediments. For ex-
ample, flysch nappes may be elements of fore-
deep troughs that originated as marginal basin
fill, or continental rise fill, or perhaps by some
other means. Thus, generic classification of a
tectonic element may omit, clarify, or obscure
its origin.

Resolving differences of terminology depends
on new knowledge, critically gathered. New
syntheses of orogenesis hopefully should be
biased neither toward so-called “plate models”
as has been true recently (Helwig, 1973), nor
toward the locally conceived frameworks of oro-
genic specialists (e.g., Aubouin; 1965). In this
context, it would be useful to consider a collage
concept of orogenesis whereby orogenic evolu-
tion consists of the bringing together of diverse
tectonic elements without regard to ruling theo-
ries, but by employing identified young analogs
and the principles of plate tectonics. This con-
cept is considered further at the end of this
paper. .

Nature of boundaries of tectonic elements.—

- The largest scale tectonic elements of the earth’s

crust are the rigid plates as conceived in the

. new global tectonics (Le Pichon, 1968; Isacks,

Oliver, and Sykes, 1968). Seismology has shown
that the boundaries of these plates include fault
systems of three types: rifts, oceanic under-
thrusts (i.e., subduction zones), and strike-slip
or transform faults. Hybrid rift-transform and
underthrust-transform boundaries are also pos-
sible (Harland, 1971).

Tectonic elements of orogenic belts have con-
trasting rock suites and structure and are always
topographically distinguished from adjacent ele-
ments (table 2). These features immediately
suggest that the boundaries between tectonic
elements are major faults or abrupt flexures.
This proposition may be verified by examining
any zonal subdivision or historical interpretation
of a mountain belt. :

The boundaries of the largest scale tectonic
elements of orogenic belts are therefore the
likely sites of defunct plate boundaries. The
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boundary between the eugeosynclinal and mio-
geosynclinal belts of orogens is generally thrust
faulted, but it may represent the edge of a sedi-
ment-filled marginal basin having oceanic crust
(e.g., Churkin, this volume) or a continental
edge broken at an accreting plate margin
(Dietz, 1963; Rodgers, 1970; Dewey and Bird,
1970). The boundaries of cordilleran ridges up-
held by sialic microcontinental blocks would be
similarly faulted as has been shown for the
Sardinian block in the Mediterranean. Serpen-
tine belts, attendant mélanges, and median tec-
tonic lines have been attributed to ancient
trenches and subduction zones (Dickinson,
1971). Transform faults may be attached to con-
vergent plate boundaries as well as to divergent
ones. In both situations, the abrupt strike termi-
nation of orogenic tectonic elements may be ex-
plained by such faults (Bird and Dewey, 1970
p. 1049-1050) ; Hoffmann, this volume).

The topographic differentiation of tectofic
elements in their formative stages, for example,
the remnant arcs, marginal basins, and active
arcs of the western Pacific (Karlg, 1971), has
generally been explained by block faulting
(Mitchell and Reading, 1971). The igneous and

sedimentary contributions to these tectonic ele- .

ments both control and reflect the topography.
The boundaries of the elements are thus zones

of facies change, for example, from volcanicito

pelagic sediments or from submarine fan turbi-
dites to bathyal or abyssal plain finer turbidites
and pelagites. Russian geologists have empha-
sized the persistent, so-called deep faults and
block ‘structure of geosynclines (Peyve, 1945).

The relative positions of tectonic elements
may change with time. In ancient orogenic belts,
the establishment of sedimentary facies and
provenance linkages between adjacent tectonic
elements in effect establishes that they do indeed
behave as independent blocks at times and are
not only fault bounded but also differentially
translated or transported (Monger, Souther, and
Gabrielse, 1972). Linkages between blocks may
be difficult to establish unless transitional facies
are preserved within or adjacent to fault zones
(e.g., Kay and Crawford, 1964; Eisbacher, this
volume; Crowell, this volume).

The persistent, consistent differentiation of
tectonic elements during contrasting phases of
orogenesis probably reflects basement contrasts.

The basement of tectonic elements—By “base-
ment” T mean crustal rocks formed prior to {in
the example of inherited basement) or during
the initial stages of (generative basement) oro-
genesis. Implicit in this definition is the assump-
tion that orogenesis is episodic, probably involv-
ing the shifting of crustal consumption from

one plate boundary to another (Mitchell and
Reading, 1969).

An attractive interpretation is that contrast-
ing tectonic elements are underlain by contrast-
ing basement rocks because tectonic differentia-
tion implies deep-seated causes. Also, there are
data justifying this view.

Detailed geophysical surveys have established
that the crust of stable continental margins
changes over a distance of several tens of kilo-
meters from thick typically eontinental sialic
crust to thin simatic oceanic crust in the vicinity
of the continental. rise (Drake and others,
1959). Even stronger and more abrupt crustal
changes take place across Pacific-type conti-
nental margins. Oceanic arcs show a twofold to
fourfold thickened oceanic crust separating typi-
cal oceanic crust on the trench side from vol-
canic and sedimentary-thickened transitional
oceanic crust of the marginal basin behind the
arc (Karig, 1971; Vogt, Schneider, and John-
son, 1969 ). Comparable geophysical contrasts are
preserved in young orogenic belts that have been
thoroughly stud:ed (Thomspon and Talwani,
1964)

It is not possible, however, to compare wnam-
biguously geophysical data for amcient orogens,
that have undergone complex polyphase history
and intense crushing followed by stress relaxa-
tion and isostatic adjustment. More indirect evi-
dence may be used to evaluate basement (see
farther on). To understand continental growth
and fragmentation, our principal problem is to
recognize tectonic elements within orogens and
to evaluate their basement. The fate of tectonic
elements depends upon the interaction of base-
ment, cover, and tectonic processes.

NATURE OF TECTONIC PROCESSES

Principles of orogenic tectonics.—QOrogenic
belts are belts of crustal shortening. The princi-
pal tectonic consequences of this shortening are
folding, crustal thickening, and transport of oro-
genic zones toward stable forelands. Seismology,
paleomagnetism, and structural studies have con-
firmed that processes other than shortening are
also significant: longitudinal displacements
(strike-slip faulting), lateral displacements in-
volving the removal of crustal material from
below (subduction), large-scale rotations, and
lateral displacements involving extension. These
displacements are not mutually exclusive (Pack-
ham and Falvey, 1971; Harland, 1971).

Displacements—The potential magnitude of
crustal displacements between elements within
orogens is fantastic considering that all pre-
Mesozoic oceanic crust has apparently been con-
sumed or incorporated in orogenic belts and
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circum-Pacific subduction zones. Hence, crustal
blocks may be transported from one continental
block to another, and island arcs and microcon-
tinents may be swept in, so to speak, to an oro-
genic belt (Wilson, 1967; Dewey and Bird,
1970). Large displacements may also occur
across transcurrent faults. Large rotations and
crustal extension may accompany lateral dis-
placements as indicated for the Mediterranean
region (Smith, 1971; Hsii, 1972). Crustal ex-
tension may occur within successor basins (Eis-
bacher, this volurhe), possibly proceeding so far
as to form marginal seas with a new ocean crust
(Packham and Falvey, 1971). The separation
of closely related tectonic elements and the
juxtaposition of tectonic elements formed hun-
dreds or even thousands of kilometers apart is
possible, therefore, and consequently necessitates
extremely abrupt changes in basement, sedi-
mentary cover, magmatism, metamorphism, fos-
sils, paleomagnetism, and paleoclimatology from
one tectonic element to another (Wilson, 1966;
Monger, Soiither, and Gabrielse, 1972; Helwig,
1972; Ernst, 1973). The arrival of a displaced
or newly generated block is marked by sedimen-
tary-erosional linkage with its neighbor (Mon-
ger, Souther, and Gabrielse, 1972). If two tec-
tonic elements exhibit sharply disjunctive his-
tories, their boundary is probably a transcurrent
fault, deep normal fault or suture belt, or some
superposed combination thereof.

The more traditional types of displacement in
orogens may also be considerable. The Alpine
nappes are tectonic elements showing consider-
able absolute and relative displacement and may
be reconstructed in time and space by establish-
ing facies-paleogeographic linkages (Triimpy,
1960). Displacement could be especially great if
thrust sequences are transported across suture
belts (Oxburgh, 1972) or transcurrent faults.
Thrust transport may preserve tectonic ele-
ments in such manner that they commonly are
bottomless, lacking part or all of their basement,
but they could also be topless. In either event,
thrust sequences could preserve tectonic elements
that might otherwise have been lost to view by
subduction.

Plate-tectonic orogenic models (Dewey and
Bird, 1970) have emphasized the ordered, or-
ganized spatial-chronological development of
orogenic belts, as have neafly all orogenic theo-
ries. However, recent studies (e.g., Monger,
Souther, and Gabrielse, 1972; Gastil and others,
1972) have emphasized the disordering potential
of tectonic processes. Regretfully, the reduction-
ist approach toward orogenic theory, including
plate tectonics, by emphasis on ordering pro-
cesses has left little room for recognition that

tectonic elements in mountain belts may pe
highly disordered in anything other than highly
complex palinspastic-chronological frameworks
Evidently, an important consequence of displace.
ments is that tectonic elements become djs.
ordered with respect to simple plate tectonje
models (fig. 1).

Crustal thickening and crusial loss.—Crusta]
thickening is one essential property of mountain
belts (Eishacher, this volume). In orogenic
belts crustal thickening is produced by mechan-
ical, sedimentary, or magmatic means. Compres-
sive stress across an orogen mechanically thick-
ens its crust by ductile flow, folding, and thrust
and reverse faulting: uplift above sea level is
accompanied by physical depression of the
Moho. Oceanic underthrusting could accrete
seaward and (or ) underplate an orogen with any
type of tectonic element, including ocean crust
and sediments: and continental or microconti-
nental blocks. Sedimentary thickening ocecurs in
geosynclines, particularly in the flanking clastic
wedges of oceanic and cordilleran arcs, but also
in furrows and successor basins between eu-
geoanticlinal ridges and in pericratonic foredeep
troughs. The arcs themselves and their pyro-
clastic and erosional products may more appro-
priately be considered as juvenile magmatic con-
tributions to [eugeosynclinal belt thickening
(Dickinson, this volume).

In any place that geosynclinal thicknesses of
sediments accumulate, crustal thickening is oc-
curring, and thus miogeoclines, marginal basins,
and even rift basins, transcurrent pullapart ba-
sins (Crowell,.this volume), and Bahama-type
platforms are all tectonic elements thickened by
sedimentation. . (Note that these regions com-
monly are attributed to oceanization by some
schools of geology.) Any of them may be in-
corporated into orogenic “belts. The pulling
apart of continental crust seems involved in all
of these tectonic elements. Extension of this
crust does not involve actual loss, but only thin-
ning and subsidence due to coupling of sial to
new oceanic crust (Bott 1971). There is no real
oceanization, but rather a stretching of conti-
nental crust. Eventually, subsided semioceanic
areas will accumulate great thickness of sedi-
ment (Hutchinson and Engels, 1972). Hence,
real crustal thickening by volcanism and chemi-
cal sedimentationn occurs; these rocks may be
incorporated into orogens during subsequent
compression (Triimpy, 1971). Similarly, the
pulling apart &f marginal seas forms a deep
sediment trap, sthe potential site of threefold
thickening of oceanic crust by sedimentation
(Packham and Falvey, 1971).

So-called “crustal loss” in compressed oro-
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genic belts likewise mostly constitutes crustal
thickening or redistribution. To understand this
misleading phraseology, consider that there are
two types of presumed loss, one kind from be-
low and one from above. Plate consumption, if
it involves driving out of ocean crust below
orogens, yields melts to produce overall chemi-
cal thickening of orogenic crust. If it involves
other types of tectonic elements, they are of
lower density than the mantle and thus con-
tribute to thickening by seaward accretion, un-
derthrusting, and underplating, or perhaps by
overthrusting and obduction. The second type of

presumed loss, from atove, involves erosion and -

outward gravity gliding from the orogenic
root. These processes serve merely to redis-
tribute the thickened crustal mass of the orogen,
although admittedly a considerable loss of ero-
sion products could occur to build distant mio-
geoclines, such as the Mississippi delta or Ben-
gal cone, if foredeeps are not efficient in trap-
ping sediment. The principal effect of what has
been called crustal loss may well be to produce
the high-pressure, low-temperature metamorphic

belt above the suture zene of crustal consump-_

tion at a given time.

Ftom the discussion above and from knowl-
edge of the history of mountain belts, we may
conclude that the development of the continental
crust is an essentially irreversible process
(Mouratov, 1972). Such irreversibility is at-
tributed to the inherent buoyancy and volatile
geochemistry (following many authors) of con-
tinental crust. These factors also place an upper
limit on maximum thickness of continental crust
(Fyfe, 1973). Oceanization (Van Bemmelen,
1969) is viewed as more of a semantic than geo-
logic problem (Triimpy, 1971, p. 312). The thin-
ning of continental crust in one region is inevi-
tably accompanied by its thickening or redistribu-
tion elsewhere.

Effects of orogewic processes: suwmmary.~—
The principal effect of orogenic processes is to
generate what is called the granitic layer of the
earth’s crust, such generation being an irre-
versible process (Peyve and others, 1972). The
genesis of tectonic elements involved is initially
in some orderly spatial-chronological sequence;
but continuing orogenesis may modify, disperse,
reassemble, and strain tectonic elements to yield
a consolidated orogenic belt that often is ex-
tremely difficult to decipher. Crustal shortening,

arc
1 trench

marginal
basin

D ssufura

remnant
basin

Fic. 1.—A simple hypothetical example oi an orogenic collage (shaded areas are underlain by oceanic crust).

A, Development of subduction zone (trench
Lateral displacement; initial configuration o
transform fault uses preexisting line of weakness
some regions; note also omission an
crustal convergence; a new arc and trench are

) and orderly arrangement of related arcs and marginal basins. B,
f arcs, basins, and sediment-source linkages becomes disordered;
(subduction zone dotted line) to produce hybrid structure in
d repetition of inactive arc (dashed line) due to faulting. C, Renewed
formed. D, Continental collision ; obduction of tectonic elements

occurs at continental salient, and remnant basin forms in continental recess.
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thickening, and suturing are perhaps the most
important effects of tectonic stresses, particu-
larly as they lead to termination of old genera-
tive configurations and to beginning of new ones
(e.g., new arcs, new subduction zones, plate
flips, and conversion to transform boundaries).
Such changes inevitably lead to hybrid struc-
tures. In particular, the boundaries of tectonic
elements are anisotropies likely to be reactivated
under tension, compression, and shear. Conse-
quently, it is profitable to think of major struc-
tural boundaries as superposed transcurrent
faults, subduction zones, and normal faults.

Any change in plate-margin movement or
process is potentially a disordering process with
regard to an existing configuration of tectonic
elements. Oceanic crust and sediments seem par-
ticularly susceptible to complete disordering to
the point of mélange (Peyve, 1969; Hsii, this
volume). X

At convergent plate margins, gravity can act
to remove efficiently the dense oceanic litho-
sphere by subduction. Oceanic remnants also
could be preserved by favorable geometry by
cover of thick sediments, by cover of oceanic
arcs or volcanoes, or by tectonmic imbrication
(see farther on). Conversely, _gravity forces
spread thickened rising orogens by erosion and
outward thrusting, thereby producing displace-
ment and strain of assembled tectonic elements
and, ultimately, more uniform crustal thickness
in response to isostasy. :

Orogenic processes are thus simultancously or-
dering and disordering processes, and the long-
est lived orogenic belts are rationally seen as
the most disordered ; that is,’as a collage, or col-
lection of diverse crustal elements complexly as-
sembled (fig. 1). By fully inivestigating tectonic
processes and tectonic elements, we have the
means to understand orogenic collages. The
most important features of orogens are tectonic
elements, their boundaries, and their mutual
relations through time as established by linkages
and disjunctions of igneous, metamorphic, sed-
imentary, and structural events. Paleontology,
geochronology, and paleomagnetism are impor-
tant tools of stratigraphic-structural studies
needed to establish linkages. A knowledge of
the nature and nze of the basement rocks in
each tectonic elemvnt is most critical perhaps to
establish the locale of origin of the element and
to allow evaluation of the evolution of the
earth’s crust in terms of the kinematics of plates,
history of individual tectonic elements, and of
mechanics of continental growth.

KEY ROLE OF BASEMENT .

It can be argued that basement contrast, in

g
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terms of gross composition of crust, has little
influence upon inception of orogenic belts because
convergent plate boundaries are not all located
at continental margins (Dott, this volume). (Pre-
sumably, inception of an orogenic belt requires
plate convergence by definition.) This is con-
ceivably true in terms of the initial spatial posi-
tion of arcs which contribute new sialic ma-
terial to the crust; however, the work of Karig
(1971), Matsuda and Uyeda (1971), and Pack-
ham and Falvey (1971) shows that the western
Pacific arcs have migrated away from the Auns-
tralian and Asian land masses, as originally sug-
gested by ‘A. Wegener, demonstrating that the
oceanic positions of these arcs are secondary.

Furthermore, if continental edges originate
by rifting, they must be the loci ofioldest ocean
crust that is also the coolest, most dense, and
topographically lowest (Sclater and others,
1971). Hence, continental edges are the sites of
minimum energy input required for onset of
subduction. Conversely, initiation of subduction
within continents is highly unlikely, and, in
fact, continental suturing halts convergence.

Whether basement contrasts exert a role in
the siting of extensional and transcurrent boun-
daries within orogens is debatable. The San
Andreas Fault appears to ignore, so to speak,
the boundary of Franciscan and Sierran base-
ment (Gastil and others, 1972). On the other
hand, the Appalachian-Caledonian belt certainly
determined the site of opening of the North At-
lantic Ocean. In Eurasian moufitain chains, the
repeated activation of deep faults is noteworthy
(Khain, 1972).

Orogenic belts are incorporated into the con-
tinents by being crushed between or against con-
tinental basement cratonic blocks. In this re-
spect, the fate of all tectonic elements is pre-
destined. At every stage of development be-
tween the generative and terminal stages of oro-
genic evolution, the type of crust, including both
cover and basement rocks composing each tec-
tonic element, plays a key role in determining
its history.

Ensimatic versus ensialic tectonic elements.—
The stable regions of the earth’s crust are of
two types (Dietz, this volume): oceanic and
continental. They are each remarkably homo-
geneous from a geophysical point of view, and
each has distinctive thickness and composition
that is reflected in mean elevation and sedi-
mentary accumulation.

Orogenic belts are the unstable regions of the.
earth’s crust that are characterized by geophysi-
cal, compositional, and topographic diversity._
For active orogens, the delineation of ensimatic
and ensialic tectonic elements is possible by di-
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rect geological and geophysical study (table 1).
These belts are the sites of modification of the
two end-member crustal types by means of tec-
tonic processes. By actualistic principles and
geologic evidence, it is clear that ensimatic tec-
tonic elements do occur in ancient orogens. They
must behave much differently than ensialic ele-
ments because their thickness, composition, and
density, and thus their mechanical and thermal
properties as well, are greatly different.

The general effect of orogenic processes
through geologic time has been to thicken and
to add modified or totally new crust to the con-
tinents. The added strips constitute a diverse
assemblage of deformed tectonic elements. To
survive orogenic processes, tectonic elements
must generally have a thick low-density cap.
Any sizable tectonic elements composed of es-
sentially unaltered oceanic crust cannot be pre-
served in orogenic belts because gravity and
subduction can efficiently remove dense oceanic
lithosphere from consuming plate margins. Any
sizeable tectonic elements composed of modified
or sialic crust, that is, crust having mean den-
sity not exceeding about 2.8 to 2.9 gm/cc, be-
comes incorporated into orogems because their
compositional and density contrast assures that
they cannot be made to sink into the underlying
asthenosphere. It is also unreasonable to con-
sider that such elements could be oceanized be-
cause the silica and alkali content could readily
melt and rise again to maintain a high crustal
Jevel. Nevertheless, tectonic elements of modi-
fied or sialic crust possibly could subside deeply
if thinned by extension or could be partially sub-
ducted by coupling to descending lithosphere
plates, which would result in continental under-
plating and in great crustal thickening as demon-
strated in the Himalaya and the Andes (Plafker,
1972).

In summary, oceanic crust must be consider-
ably modified to survive orogenic processes as
ensimatic tectonic elements. The principal means
of modification are igneous and sedimentary and
mechanical thickening. Therefore, the area of
ensimatic tectonic elements within an orogenic
belt, which represents the best estimate of con-
tinental growth and also contains the limited
record of the earlier ocean basins, tends to be
deeply subsided and (or) difficult to recognize.

Ensimatic tectonic elements: defmition—En-
simatic tectonic elements are those crustal do-
mains in an orogenic belt which are underlain
by oceanic crust generated during orogenesis or
inherited essentially unmodified from an earlier
period of formation. Table 3 lists types of oc-
currence of ocean crust; all types could be pre-
served in orogenic belts. Preservation of ocean

crust is possible either in outcrop as ophiolite or.

mélange suites or at depth under cover of
stratigraphically or. structurally higher rock se-
quences. o

The definition of ensimatic tectonic elements
entails a' semantic problem related to the in-
herently allochthonous character of an orogenic
collage. The joining of sialic blocks along a su-
ture zone involves squeezing out of materials.
Ensimatic tectonic elements may be subducted
or obducted (overthrust), or ocean crust and its
cover may be tectonically separated. Ensialic
tectonic elements may be similarly allochthonous.
Ultimately, a mountain chain thereby may become
entirely ensialic but still incorporate many ensi-
matic tectonic elements or sedimentary sequences
initially ensimatic (for example, in accord with
Gansser’s interpretation of the Himalayan belt,
1966, and Glennie and others interpretation of the
Oman Mountains, 1973). It is difficult to conceive
of the infense deformation and crustal shortening
involved in the nappe structure of the Alpine-
Himalayan belt unless squeezing out of oceanic
domains occurred ( Triimpy, 1971). In addition, if
oceanic crust can be thrust over continental rocks,
it scems even more probable that continental
blocks ¢ould be thrust over oceanic crust; the
degree of allochthony of sialic basement blocks
within orogens (Peyve, 1969) is problematical.

Therefore, it appears necessary to qualify the
ensimatic nature of a tectonic element as being
allochthonous where tectonically transported
over ocean crust and as being detached if in-
ferred to be detached from an original oceanic
basement. A tectonic element may thus be: (1)
stratigraphically ensimatic (autochthonous on
ocean crust), (2) an ensimatic detachment (or
paleogeographically ensimatic, Lemoine, 1972),
or (3) structurally ensimatic (allochthonous).
Condition 1 or 2 may also apply where condition
3 applies.

Ensimatic tectonic elements: recognition.—
The identification of ophiolite sequences as
oceanic crust seems reasonably well established
on geophysical, geochemical, and petrologic
grounds (Dewey and Bird, 1971; Pearce and
Cann, 1971). However, information on the com-
position and sequence of modern ocean crust is
inadequate to allow distinction of ophiolites gen-
erated at midocean ridges from those formed
in marginal basins or in other places. Certain
alpine-type peridotites and serpentinites may be
confused with ophiolites (Chidester and Cody,
1972), and some ophiolites could speculatively
represent the lower part of continental crust
and adjacent upper mantle. Thus, the origin of
some ultramafic sequences called “ophiolite” is
disputable.
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TABLE 3.—OCEANIC CRUST: ORIGIN AND OCCURRENCE IN OROGENS

Descriptive name

A. Origin and distinctive features (see table 1 for examples)

Rift

Sphenochasm

Rhombochasm

Normal ocean basin
Marginal basin

Reninant basin

Ocean arc
Oceanic island

Crustal extension, incipient ocean crust formation; block faulting; prisms of
clastic, carbonate and evaporite sediments; sialic detritus; peralkaline basalts
Crustal extension with rotation of sialic blocks, directly coupled to zone of
compression; wedge-shaped ocean basin; submarine fans and turbidites:
sialic detritus !
Crustal extension limited by coupled transform faults; block faulting; sup.
marine fans and turbidites; sialic detritus

Prolonged development of first three above; pelagic oozes, cherts

Crustal extension behind arc; block faulting; turbidites and tuffs; both pyro-
clastic and sialic detritus; alkali olivine basalts

Remnant of normal ocean crust preserved between translated sialic blocks:
passes into deformed rocks along strike; turbidites and restricted basin facies
are postorogenic; sialic detritus

Ocean crust preserved beneath arc volcanics

Ocean crust preserved beneath Hawaiian-type volcanoes

B. Occurrence in orogens

Descriptive name

Nature of preservation

Example

Ophiolite sheet
Ophiolitic mélange (thalasso-
geosyncline)
Ophiolitic suture zone
Ophiolitic cordillera

N (Gansser, 1973)
Hidden beneath eugeosynclinal
tectonic elements
Subducted paleogeographic

structural cover

Allochthonous, obducted (Coleman, 1971)
High P/T metamorphism and accretion in subduc- Franciscan
tion zones (Hamilton, 1969; Bogdanov, 1969)
Intense deformation in narrow belt

Compression without subduction or obduction Western Cordillera of

New Caledonia

Indus suture

Colombian Andes?

Buried beneath thick sedimentary, volcanic, or Central Newfoundland

Appalachians

Inferred to originally underlie allochthnous nappes,f’ Alpine belt

realms etc., but not preserved

Review of the ophiolite problem is beyond the
scope of this paper. The writer concurs with
Coleman (1971) and Dewey and Bird (1971)
that the origin of true ophiolite sequences is
ocean crust and upper mantle, but more thorough
studies of such rocks and their modern analogs
undeniably are needed.

The problem at hand is to evaluate the base-
ment of tectonic elements where basement is
not exposed or where perhaps only the upper-
most part of an ophiolite sequence is exposed.
That eugeosynclinal furrows (Aubouin, 1965)
are the most extensive ensimatic fraction of
orogenic belts seems likely, This inference fol-
lows from consideration that most oceanic crust
of the geologic past has vanished without a
trace (Smith, 1971), and the sutures marking its
disappearance (subduction zones) are subsident
by nature. The effect of relative buoyancy buries
these oceanic sutures in sediments that are de-
rived from rebounding sialic terranes (Ernst,
1973).

Some plausible approaches to evaluation of
the basement of eugeosynclinal tectonic elements
are designated (a) through (f) in the discussions
that follow. An effort is made in these discussions
to evaluate both the presence and the origin of the

oceanic crust, which can be preserved in a vari-
ety of ways (table 3).

(a) Stratigraphic continuity: If a strati-
graphic unit can be continuously traced across
the strike of an orogenic belt, the presence of
younger ocean crust or subduction zones within
the belt is ruled out (Cady, 1972). The presence
of older ocean crust is not ruled out, even if
identical basement rocks are exposed on oppo-
site flanks of the belt or within the belt, be-
cause such basement rock relations could be at-
tributed to rifting, development of marginal
seas, or transcurrent faulting, Stratigraphic con-
tinuity of older rocks across orogenic belts is
inevitably interrupted by synclinoria or by suc-
cessor basins of younger clastic fill. This obser-
vation allows relatively free interpretation of
the nature of basement and position of ancient
subduction zones beneath such synclinoria.

Where allochthonous relations are dominant,
vertical stratigraphic continuity is critical. In
the Alpine nappes, the sedimentary and ophiolite
sequernices apparently show both allochthonous
and autochthonous relations with each other
and with pre-Triassic sialic basement (Lemoine,
1972). Hence, we may conclude that the nappes
are stratigraphically both ensimatic and ensialic,
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and some are ensimatic detachments but struc-
turally ensialic.

(b) Initial sedimentary environments: The
sedimentary environments of rifts (table 3)
may be distinctive. The East African Rift, the
Afar Triangle of Ethiopia, and the adjacent
Red Sea may be considered collectively as an
example of rifted sialic crust. The distinctive
sediments here are fluviatile clastics, shollow-
water carbonates (including reefs) and as much
as 3 km of evaporites. In the Afar Triangle, the
complex mosaic of Precambrian crystalline and
young volcanic blocks indicates crustal thinning
but widespread sialic crust (Hutchinson and
Engels, 1972). In contrast, the fully oceanic
central basin of the Red Sea Rift displays dis-
tinctive thermal saline brines and heavy metal-
enriched pelagic sediments (Degens and Ross,
1969). Sialic rifts may develop into normal
ocean basins or become arrested to form grabens
or aulacogens (table 3). ’

Ocean basins such as the post-Hercynian and
post-Alpine basins of the Mediterranean are
probably sphenochasms (Carey, 1958), which
form between rotating sialic blocks (Smith,
1971). Development of deep-water clastic and
carbonate facies follows probable initial rift-
facies deposition (Hsii, 1972). The succession
of sedimentary environments in rhombochasms
(table 3) is likely similar. -

Typical deep-sea sediments are turbidites,
cherts, and pelagic oozes. Such sediments should
be encountered in sequences overlying normal
oceanic crust, including crust beneath oceanic
volcanoes, or crust preserved in reentrants
(table 3). Proof of deposition at true oceanic
depths, however, is difficult (Hallam, 1967).
The similarity of sediments overlying or tec-
tonically emplaced with ophiolites to those over-
lying the basaltic layer of the ocean, as deter-
mined by deep-sea drilling, corroborates their
ocean-crust origin (Glennie and others, 1973).
The occurrence of flysch-type facies is possible
in various tectonic settings (Reading, 1972),
including all varieties of ocean crust given in
table 3, but is not diagnostic of oceanic tectonic
elements.

The sedimentary environments of oceanic ares
and interarc basins (table 3) accumulate fluvia-
tile to deep-water volcanogenic sediments, which
are not diagnostic of oceanic crust as they also
may be found in cordilleran arcs or indetached
arcs. If the pyroclastic and associated sedimen-
tary rocks are largely submarine, low oceanic
topography is suggested, although true oceanic
basement is not proven. Walker and Croasdale
(1972) have presented criteria for diagnosing
submarine mafic pyroclastic activity.

- (¢) Composition of detritus: Kay (1951) first
emphasized the significance of plutonic pebble
conglomerates for eugeosynclinal development.
The composition of detritus reflects source area.
The sources of detrital quartz and K-feldspar
within eugeosynclinal furrows may be cratons,
microcontinental sialic blocks, oceanic arcs,
cordilleran arcs, or deformed sedimentary ridges
(producing recycled detritus). The acid plutonic
detritus of oceanic arcs is characteristically
tonalitic, rich in silica but low in potash (Hel-
wig and Sarpi, 1969; Mitchell and Reading,
1971), and generally much less important than
associated. quartz-poor detritus of intermediate
to mafic volcanic provenance. On the other ex-
treme, microcontinental fragments predictably
yield more abundant and more potassic detritus
as well as metamorphic rock fragments and
minerals (de Booy, 1966). Cordilleran arcs
yield detritus compositionally intermediate be-
tween ocean arcs and microcontinents, depend-
ing on the degree of unroofing of the basement.

Crook (this volume) and Dickinson (1970)
have summarized the genetic significance of
these compositional contrasts. The detritus pro-
vides substantial evidence of the nature and
proximity of uplifted tectonic elements. The
basement of the trough receiving the detritus
may be evaluated in terms of its paleotectonic
relationship to the source area (fig. 2).

Ophiolites also can be emergent, as on Cyprus,
and shed mafic and ultramafic detritus. This is
well known in Cuba and New Caledonia and
was more recently described from Newfound-
land (Church, 1969) and the western cordillera
of North America (Monger, Souther, and
Gabrielse, 1972; Churkin, this volume). If the
source block shows continuous subsequent link-
age with the depositional block, the source
block contains ensimatic tectonic elements, al-
though consideration must be given to the pos-
sibility that the source block is inevitably dis-
placed and also may be allochthonous (obducted)
(see fig. 24, ).

(d) Igneous rock geochemistry: Composi-
tional gradients are observed in igneous rocks
where detailed sampling profiles have been made
across istand arcs (Kuno, 1959: Hatherton and
Dickinson, 1967), major young plutonic belts
(Moore, 1959), and batholiths (Bateman and
Dodge, 1970). The most notable gradient is an
increase in potassium and potassium-type ele-
ments (Rb, Ba, Sr) at constant silica level from
the volcanic front of the arc toward its fore-
land. The gradient occurs in rocks of basaltic to
andesitic composition, both plutonic and vol-
canic. This geochemical gradient, when first
observed in Pacific arcs, was correlated with
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disrupted

F w

F16. 2—Some possible relations of sediment-source linkages. (Symbols: shaded, oceanic crust; random
dashes, continental crust; dashed, sediments; open, arcs and sea water). Diagrams on left show initial configura-
tions; on right, disrupted situations. A, Cordilleran arc and flanking ensialic pericratonic and arc-trench geo-
synclines. B, Same as A after opening of marginal basin; separated linkage (sl) exists between sediments of
pericratonic geosyncline and source in detached arc. C, Oceantic arc and flanking ensimatic sediment wedges. D,
Same as C after closing of marginal basin; linkage (L) of cratonic margin sediments from oceanic arc and
microcontinent source areas. E, Small ocean basins receiving sediments from oceanic arc and microcontinent
source areas. F, Same as E after suturing by continental collision; disjunctive linkages (dl) of thrust sheets
indicates disordering and covering of originally linked source areas.

depth of melting in the mantle as related to the
inclined seismic zones or arcs (Kuno, 1966;
Hatherton and Dickinson, 1967). Such geo-
chemical gradients, however, now appear to oc-
cur in time as well as space (Jakes and White,
1972) and thus could reflect crustal thickness
and composition (Condie and Potts, 1970). If
this interpretation is correct, we then have a
means of evaluating eugeosynclinal basement.
Data on abundances of major elements, trace
elements, and Sr isotopes justify the view that
basement types can be inferred chemically (table
4). The compositional data for volcanic rocks
allow distinction of three important basement
types: generative ocean crust (abyssal tholei--
ites), ocean arc crust (distinctive arc thoeliites
and calc-alkaline suite), and continental crust”
of cordilleran arcs (calc-alkaline and silicic
rocks). [Detached arcs having continental crust

as basement (Japan type), and ensialic volcanic
provinces of the Basin and Range-type do not
appear to be geochemically distinctive at pres-
ent.] Undoubtedly this approach will prove ap-
plicable to plutonic rocks as well, but at present
sufficient data are not widely available.

The underlying cause of these compositional
distinctions involves the origin of magmas, a
problem not without opposing views (Boettcher,
1973). Controversy centers about the relative
contributions of oceanic crust, upper mantle,
oceanic sediments, and continental crust to the
various magmas. From this viewpoint it appears
that the three types of magmatic evolution sum-
marized in table 4 involve three different sources
that are nevertheless interrelated. The abyssal
tholeiites are the direct products of partial melt-
ing of the upper mantle at midocean ridges. The
arc tholeiites form by partial melting and de-
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hydration of abyssal tholeiites at the top of the
descending lithosphere slab below island arcs
(Fitton, 1971; Wyllie, 1973). The differences
of arc tholeiites from abyssal tholeiites are thus
explained, whereas the similarities may be due
to contamination by upper mantle material dur-
ing ascent of the magma (White, Jakes, and
Christie, 1971). The upper stratigraphic levels
of ocean arcs contain calc-alkaline and shosho-
nitic rocks because with time, basal arc tholeiites
apparently are remelted coincident with upper
mantle rocks becoming depleted of low-melting
fractions. The Cordilleran-type calc-alkaline
series may .be contaminated by remelting of-
lower crustal rocks, which are at least as dif-
ferentiated as is a mature oceanic arc. Even
upper crustal rocks may be remelted in such
Andean-type arcs, producing young rhyolitic
ignimbrites containing Sr®/Sr® in excess of
0.710 (Pushkar, McBirney and Kudo, 1972).
Such ignimbrites are only known to occur in
areas of pre-Mesozoic crystalline sialic base-
ment rocks such as in the western United States,
Central America, and the Andes. In summary,
formation and thickening of continental crust
apparently involves magma generation by par-
tial melting of mantle, followed by increasing
partial remelting or cannabilization of basaltic
sequences and, eventually, through superposi-
tion, by remelting of previously consolidated
typically continental lower crust of mostly gab-
broic, but partly granitic composition (Glikson,
1972).

The data and interpretations above indicate
that igneous rock geochemistry may provide the

" best evidence for direct comparison of modern

and ancient tectonic elements located above sub-
duction zones. The spatial variation of igneous
rocks can be related in part to depth to a sub-
duction zone (Dickinson, 1970). The strati-
graphic succession and composition of igneous
rocks can be related to basement type (table 4).
The study of trace elements may circumvent
compositional modifications produced by meta-
morphism (Pearce and Cann, 1971).

As yet, few systematic regional studies of
igneous rocks in pre-Mesozoic orogenic belts
have been done that are sufficiently detailed to
allow definition of subduction zones or of base-
ment types. (However, see the many studies of
Archaean greenstones, which suggest ocean-arc
origin, or the study by Fitton and Hughes, 1970,
suggesting a southeast-dipping subduction zone
beneath the early Paleozoic Welsh geosyncline-
marginal basin). Assuming metamorphism plays
a negligible role in compositional zoning of
crust, data presently available show that arc
tholeiites are major components of Archaean
greenstones and that ensimatic tectonic elements
probably were widespread in ancient eugeo-
synclines.

(e) Geophysics: Gravity and seismic data
show that active consuming plate margins con-
tain every transition between continental and
oceanic crust. In ancient crushed orogenic belts,
interpreting such geophysical data in terms of
continental and oceanic crust is nearly impos-
sible because of the inherently altered character
and complexity of tectonic elements; longitu-
dinal, rather than across-strike geophysical sur-

TABLE 4.—0OROGENIC VOLCANIC GEOCHEMISTRY RELATED TO BASEMENT TYPE!

Parameter Abyssal tholeiite

Oceanic arc Cordilleran Arc (Andean)

Existing crust, that None: generative

Ocean crust (ensimatic)

Continental crust

ic, inherited setting of ophiolite plus arc tholeiites (ensialic)
basement
SiO: (%) <50 50-66 56-75 (including silicic
ignimbrites)
Arc tholeiites Calc-alkaline Calc-alkaline
K20 (%) <0.3 0.3-0.5 1.0-2.7 1.1-3.4
K:0/Nas0 <0.1 <0.5 <0.8 0.6-1.1
ALO; (%) 12-18 14-18 15-19 15.2-18.2
Fe enrichment High Moderate Low None
Rare earth elements Chondritic Chondritic Light rare earth —
elements enriched
K/Rb 1000 1000 400 230
Rb, Ba, Sr-(ppm) 2,30,120 5, 100, 200 30, 270, 385 80, 680, 700
Th, U, Zr (ppm) — 0.5,0.3,70 2.2,0.7,110° —,—, 210
Sr#? /Sree 0.701-0.702 0.703-0.706 0.703-0.706 0.704-0.707

1 Datd generalized from: Ewart and Bryan, 1972; Jakes and White, 1972; Kay, Hubbard, and Gast, 1970;
Peterman and Hedge, 1971; Pichler and Zeil, 1972; Pushkar, 1968; and White, Jakes, and Christie, 1971,
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veys within tectonic elements, however, possibly
can delineate to some extent the crustal con-
trasts between adjacent elements. That steep
gravity gradients are characteristic of contrasts
between oceanic and continental tectonic ele-
ments (Case and others, 1971) is noteworthy.

The most useful application of geophysics has
been to the study of marginal basins (Pack-
ham and Falvey, 1971), reentrant small ocean
basins, sphenochasms, and rhombochasms .inas-
much as these features may be altered only by
having great sediment cover (Fedynsky and
others, 1972). Studies of the Black Sea and the
Gulf of Mexico show that negative gravity ano-
maly, weak magnetic relief, and deep thin gab-
‘broic crust are characteristic of such remnant
ensimatic basins se long as they have not under-
gone significant deformation or magmatism.
Remnant ocean basins may have an arc on their
plate, which could make them similar to margi-
nal basins. However, marginal basins character-
istically have positive gravity anomalies (Pack-
ham and Falvey, 1971).

(1) Diatreme sampling: Late orogenic or
postorogenic igneous rocks, particularly in dia-
tremes, may bring xenoliths of basement and
even mantle rocks to the surface. There has
been little effort to analyze such samples, but
that would seem to be well worth the effort in-
asmuch as the nature and age of both crust and
mantle beneath orogens conceivably could be
determined. Two examples of this approach are:
(1) presence of gneiss, amphibolite, and gran-
dodiorite xenoliths in volcanic rocks of the
Aeolian Islands show the existence of sialic
basement (Honnorez and Keller, 1968) and
(2) presence of ultramafic inclusions in intru-
sions cutting the Dunnage Mélange of New-
foundland (Kay, 1972) suggest the presence of
an ophiolitic basement.

CONCLUSIONS

The addition of oceanic and mantle materials
to the continent by accretion of orogens, an ir-
reversible process, is complex due to the inter-
action and evolution of tectonic elements af-
fected by complex tectonic processes. The por-
tions of eugeosynclinal belts that are ensimatic
may be delineated by several approaches, none
of which is adequately demonstrated as being
definitive for both young and ancient examples.
These approaches attempt to relate the rock
compositions of tectonic elements to their base-
ment types. Taken together, available data of
this type suggest that ophiolitic elements and a
considerable portion of the arcs_and furrows of
engeosynclines are probably ensimatic. The ac-
tnal processes that generate tectonic elements

are not understood, but clearly the mutual ip-
terrelations of elements during orogenesis
strongly reflect basement type. Thus, basement
exerts a key role in orogenesis. v

The sialic vs. simatic nature and extent of the
inherited and generative basement of eugeosyn-
clinal belts is highly varied and dependent upon
the evolution of the individual orogen in terms
of the starting configuration of rifts, trenches,
transform faults, arcs and marginal basins, and
reentrants and in terms of their subsequent
termination as new configurations evolve. Tec-
tonic processes that continue in a stable con-
figuration generally lead to an orderly array
of tectonic elements. But the establishment of
new configurations by displacements and the
ultimate suturing and crushing of major oro-
genic zones may produce.a disordering of tec-
tonic elements. Thus, single tectonic processes
or tectonic elements may be described but not
single theories, cycles, or finite models of oro-
genesis (Coney, 1970). Each orogen is a unique
time-space collage of tectonic elements.

The objection may be raised that a collage
“model” (a misnomer) of orogenesis is scien-
tific anarchy, telling us that each mountain belt
has its own absolutely unique history and that
no general theory of orogenesis is possible. This
objection cannot be sustained in a historical sci-
ence like geologly for two reasons. First, the
collage concept is not a model in conflict with
either plate models or orogenic theories but is a
word picture that attempts to convey the idea
that various models and theories can be inte-
grated and reconciled to yield insight into the
astonishing complexities, similarities, and dif-
ferences of mountain belts, The so-called odd
rocks of mountain belts (Fischer, this volume)
are not really odd; they simply show that every
type of crustal rock (and some mantle rocks)
can be exposed in eugeosynciines. Any orogenic
paradigm apparently cannot involve limitations
on the kind of rock that occurs in orogens.
Second, just as the theory of evolution provides
a simple explanation for the diversity of life, it
also explains why no species of plant or animal
ever arose twice. By analogy, a collage concep-
tion of orogenesis offers a simple explanation
for the diversity of orogens, and it also explains
why no two crustal configurations are ever ex-
actly the same—a truism to which we would all
admit (Triimpy, 1971, p. 294).

The fact that there may be a limited number
of tectonic elements (table 1), particularly in
the beginning stages of accreting and consum-
ing plate margins (Dewey and Bird, 1970), does
suggest that the initial stages of development of
orogenic belts can be represented by a limited
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number of models. For example, the conversion
of a midplate continental margin to consuming
plate margin produces the transition from mio-
geocline to eugeosyncline-exogeosyncline. How-
ever, as orogenic evolution proceeds, tectonic
elements are linked or separated by displace-
ments governed by boundary geometry, crustal
conposition, and plate motions. Elements are
modified by segmentation, changes of boundary
faulting, and superposition of tectonic processes,
and are affected by one or more episodes of
coupling and decoupling and compression and
extension. All these processes would have to be
repeated in precisely the same order without
addition or subtraction in order to produce two
mountain belts essentially alike (fig. 1). Oroge-
nesis is noncommutative.

The evolution of each orogen is thereby dif-
ferent. Plate tectonic models are process models,
that allow understanding of each step in evolu-
tion of an orogen, just as all models in geology
represent methodological, rather than substan-
tive uniformitarianism (Gould, 1965). Plate
models should not be construed to portray ade-
quately anything other than a generalized single
stage of development of part of a specific
orogen. Thus, the understanding of each tec-
tonic element may be gained most readily by
analogy with specific modern tectonic elements
(table 1). Therefore, understanding an entire
orogen requires superposition of many plate
models, and it is doubtful that much is learned
by considering that an entire orogen fits a single
plate model. The assembling, including disorder-
ing, of tectonic elements can be understood by

returning the pieces of the collage to “tectonic-
ally reasonable positions, revealing major igne-
ous, metamorphic and deformational belts”
(Gastil and others, 1972) for specific times in
the past. The task of understanding orogenic
belts thus assumes the broadest conceivable
palinspastic problems, which are not easily
solved (Monger, Souther, and Gabrielse, 1972;
Schenk, 1972). In making palinspastic recon-
structions, gcologic fits of all kinds may be
especially strengthened if geologic gradients can
be reconstructed (Whitten, 1969), as Ross
(1973) has attempted for the compositional
gradients in the granitic rocks of the Sierra
Nevada and Salinian block in California.

The remaining fundamental question now ap-
pears to be directed to what controls the se-
quence of processes in plates and orogenic belts,
not what are the models of orogens (Khain,
1972). Do plate boundaries and orogenic col-
lages follow any particular rules, so.to speak,
of migration and assemblage respectively that
we may observe in the crustal records? Have
these process rules changed through geologic
time? How are the similarities of. orogens
(Dott, 1964) explained? What about processes
and rules of orogenesis that are overlooked by
present emphasis on plate boundaries and plate
models (Gilluly, 1972; Ramberg, 1972)? It
seems probable to me that some quantifiable
rules are followed in which energy is dissipated
(Griggs, 1972) with maximum efficiency and
minimum work, following a pathway toward
continentalization.
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