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ABSTRACT

The theary of plate teclosics offers a fresh opportunity to interpret the evolution of sedimentary basins
m terms of changing plate interactions and shifting plate junctures. Although plate-tectonic theary lavs
primary emphasis on borizontal movemerds of the lithosphere, large vertical movements are also Implicd
in response 1o changes in the thickness of crust, in the thermal condition of lithosphere, and in the isostatic
balance of lithosphere over asthencsphere. As thick sedimentation requires cither an initial depression or
progressive subsidence to proeesd, the anxiliary vertical mevements largely control the evolntion of sedi-
mentary basing. Ancillary gecgraphic changes related to the governing horizontal movements also affect pat-
terns of sedimentation stromely.

The geosyuclinal terminology used prior to the advent of plate tectonics 1s inadenquate to describe fully the
plate-tectonic settings of sedimentary basins, Basins can bhe described instead in terms of the type of suh-
stralurn hencath the basin, the proximity of the basin to a plate margin, and the type of plate juncture
nearest to the basin, Intraplate settings of oceanic or continental character contrast with zones of plate
interaction, which include those of divergent, convergent, and transform motions and within each of which
the underlying crustal structure is or may be complex, The evolution of a sedimentary basin thus can Le
viewed as the result of a succession of discrete plate-tectonic setlings and plate interactions whose effects
blend into = contimuum of development.

Oeeanic basing contain an assemblage of diachronous facies whose relations are contralled by thermal
subsidence of the lithosphere as it moves away from midoceanic rises, Rifted continental marging nnderge
successive stages of structural evolution as the fellowing features are formed: previft arch, rift vallew,
proto-cesanic gulf, narrow ccean, and apen cocan. Sedimentary phaszes related to each stage are components
of the rifted-margin prism of strate that mashks the continent-orean interface heneath a continental tersnee
slope-rise association or a progradational continental embanloment. Marginal fracture rvidees along marginal
offscts and aulacogens alomg failed arms of triple junctions locally break the contimuity of rifted-tnargin
priszis, Sedimenlary basins associated with arc-trench systems where oceanic lithosphere iz conzumed in-
clude tresches beyond the subduction complex hencath the trench slope breals, forearc basing in the arc-
trench gap, intra-are bazing within the masmatic zre, and interare basing or retroarc basing in the backare
are. Intcrare bagzing are oceanic basing between a migratory intracceanic arc and a cemnant are, whereas
retroarc basing resl on continental basement adjacent to a foreland [old-thrust Lelt behind a continental
margin are. Peripheral basins adjacent to sulure Lelts formed v crustal collision oceur in an analogous fore-
land setting between orogen and craton, but in front of a colliding magmatic arc. Retraarc !;' 5 and periph-
eral basins hoth imply partial suldnetion of continental lithosphere, Intracentinental basins e infra-
centinental types, beneath which incipicnt continental separation gave rise to crust of transitiona] thickness,
as well @z supracontinental typeos.

THTRODUCTION slabs, curved to conform Lo the spherical out-

ling of the earth, were described by LMorgan
(1965 as motions of crustal blocks, e indi-
cated, however, that these fundamental tectonic
entities are actually blocks of fecfosphere, a

The theary once termed the wew global tee-
tomecs (Isacks and others, 1968), which postu-
lates a segmented and mobile lithosphere, is no
longer new, Most geologists apparently accept

its main tenets as valid, together with the coral-
lary concepts of continental drift and seafloor
spreading, transform fanlts (Wilson, 19637 and
subduction zones (White and others, 19703, al-
though some  peologists, netably  DBelonssow
(1970} and Meyerhoff (Meyerhoff, 19723, have
challenged these fundamental concepts. Flate
tecionics (Mclenzie, 1972a; Dewey, 19723 has
become an alternate designation for the new
global tectonics because the discrete spherieal
caps of essentially rigid lithosphere inferred to
be in relative motion with respect to one an-
other, and to the softer and weaker astheno-
sphere beneath, are commonly ealled  plafes
i MeFenxzie and Parker, 1957, The characteris-
tie patterns of lateral motion of these surficial

layer thicker than crust in the ordinary sense
of the layer above M and essentially synony-
mous with the lithasphere of others. Because of
the large lateral dimensions of the main intact
eces of lithosphere, which are of the order
of only 100 km thick, the passage of time has
favored usage of the word plate, rather than
block, as the basic deseriptor.

As a comprehensive theory that purports to
explain the global distribution of all belts of
tectonic deformation within the erast as the lact
of the boundaries or junctures between plates
af lithosphere, plate tectonics has the flavor of
a fresh paradigm that must be accepted or re-
jected almost in s entirety with only maodest
allowaneces made for deviant behavior. The evi-
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dent tectonie complexity of the carth admittedly
forces the recognition that unusually hroad
zones of deformation oceur along some plate
junctures {Atwater, 19700, that the motions of
some small plates are controlled partly by the
inkeraction of adjacent larpe plates { MeKenzie,
1970, 19720 Roman, 1973a, 19730b%, and that
meraplate deformation is possible on a limited
scale or 1o a lmited degree (Svkes, 1970 Doyle,
19713, These adjustments within the frame-
work of plate-tectonic theory dilute its elegance
somewhat but do not challenge its fundamental
premises. Moreover, the history of -mountain
Telts 15 better illuominated by plate Lectonics than
by any preceding theory [Coney, 1970, Dewey
and Bird, 19703,

Coneepts  derived from plate tectonics are
uzed here as the basis for a dizscussion of gen-
eral relations between tectonics and sedimenta-
tion., Plate tectonics offers fresh ways to ex-
plain the evolution of sedimentary baszions, and
many concepls of the past can he discarded or
misl be modified to conform to the new point
af view. The development of plate-tectonic in-
terpretations and models of sedimentary basins
thus entails the mental exercise of changing ont-
worn interpretations and unjustified conclusions
withont denying established facts. Application
of plate-tectonic analysis to the evelution of a
specific sedimentary basin also requires the uni-
formitarian assumption that present stvles of
plate-tectonic behavior are useful keys to plate-
tectonic behavior during the fime span repre-
gented by the evolution of the basin.

Unfortunately, there seem to be no clearcut
means vet to judge when plate-tectonic behavior
af the modern sort began, or whether somewhat
different forms of plate interactions prevailed
at different times in the past. Events that could
conceivahly mark times of tecltonic fransition
when plate tectonics could have been initiated or
could have undergone scme change in kind in-
clude (a) the brealup of TPangaea starting
roughly o quarter of a billion years ago (Dietx
and Holden, 19707, (L) the formation of the
aldest recopnized blueschist helts (Erast, 1972)
and ophiolite sequences | Burke and Dewey,
19727 about a half billien years ago, () a null
in the reported frequency of radiometric dates
for orogenic granitic and metamorphic rocks at
ahout three-quarters of a billion years ago, {d)
the development of the oldest lasting cratons
during the Precambrian, or (e} the formation
of the first cratonic nuclei deep in the Precam-
brian (see also Burke and Dewey, 1973),

Perhaps the most revolutionary facet of plate-
tectonic theory as apphied to sedimentary basins
i5 the startling light it sheds on the tempo of
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major geologic events, At ordinary rates of
spreading along midoceanic rises and of plate
consuwmption at trenches (Le Pichon, 1965
Chase, 1972, cceanie basing 3000 km wide can
form or, once formed, can disappear within 50
to 100 my, a span of time representing only
one or two periods of the standard geolopic
colomn., It follows that no sedimentary hasin
with a long history of deposition is likely to
have remained in the same plate-tectonic set-
ting thronghout its evolution. Realization of this
principle is a vital guard against oversimplified
versions of local gpeologric hisltary o terms of
plate tectonics. From a plate-tectonic standpoint,
the Phanerozoic alone iz an immense span of
time, nominally long enough to open and close
an oocan as broad as the Atlantic five or ten
times !

Among the many things that might be writlen
abont plate tectonics and sedimentation, this
paper discusses the following topics: (a) the
vertical movements of lithosphere that are in-
herent in plate tectonics and required to sct the
eonditions Tor sedimentation, (b the aneillary
effects of horizontal movements of lithosphere
described  as  comtinental deift and  seafloor
spreading, () the problem of translating the
basin  ferminclogy emploved by peosynclinal
theory info terms compatible with plate-tectonic
theory, (d} the main plafe-fectonie sellings im-
portant for sedimentation, and (e) the gross
putlines of basin evolution implied hy the con-
cept of plate tectonics.

COXNDITIONS FOR SEDIMENTATION

Thicle sedimentation in o given place implies

the prior existence of 2 deep hole into which

sediment can be dumped or progressive subsi-
dence of the substratum to accommodate sme-
cessive inecrements of strata, The formation of
either kind of sediment trap on 2 large scale
requires pronounced vertical movements of the
parth’s crnst. Plate-tectonic theory as a geo-
metric paradipm to explain tectonic palbterns
lays special emphasis instead on grand horizon-
tal tranzlations of lithosphere with its capping
of crust, Hlowever, major wvertical motions of
crust and lithasphere are required to accompany
the horizontal motions by any feasible zeologic
interpretations of the mechanisms of plate mo-
tions and interactions. The vertical motions are
related to changes in crastal thickness, in ther-
mal regime, and in the conditions for isostatic
balance, These three facets of plate-tectonic
theory postulate inherent vertical motions of
an order and on a seale thal no previous tec-
tonic theory can match in overall scope. Despite
its quite proper formal emphaszis on horizontal
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translations of lithosphere, plate-tectonic theary
thus also affords the best theorctical basis yet
devised to account for grand vertical movements
of crust and lithesphere, From the standpoint of
sedimentation, therefore, it iz a mistake to view
the emphasis on horizontal motions as a poten-
tisl weakness of plate-tectonic theory, The an-
cillary wvertical motions induced by plate inter-
actions are fully equal to the demands of data
o sedimentary basing and their provenances.

Crustal thickness—MNew oceanic crust and
lithosphere is formed contimally at spreading
centers along midoceanic rise crests and within
marginal or interarc basins hehind migrating
arc struectures. When continental blocks are
rifted apart by extensions of spreading centers,
thin oceanic crust of igneous origin is thus
created adiacent to thick continental crust b
submarine voleanism and associnted intrusions,
Frequency curves of crustal elevation show that
the floor of such a mew oceanic basin should
stand typically about 4 km below the mean sur-
face level of the two continental fragments
formed by the rift. The process of continental
separation can thus form a new cristal depres-
sion capable of serving as a receptacle for sedi-
ment, and in principle such a sediment frap can
form adjacent to any part of a continental
block as potential provenance. In detail, conti-
nental separation involves the development of
2 belt of transitional erust and Lthosphere be-
tween each continental fragment and the ad-
jacent oveanic basin, The width of the frans
tional regiom is not well lnown, ot is prolahly
100 to 230 km wide in typical cases. Prior fo
sedmentary loading, the transitienal erust will
presumably stand at elevations intermediate be-
eent those of the continental black on one
side and the oceanic bazin on the other, OfF
Norway, Talwani and Eldholm (1972 de-
seribed a Lroad transitional reglon in water
depths of 1000 to 2500 m.

stodies of incipient continental separations

EXTENSIONAL FAULTING

sugpest that two types of processes contribute
to the development of helts of fransitional crust
of intermediate thickness | fig. Iy:

(1) Attenuation of continental crust by stretching
it zocomplished by extensional [aulting at upper
erustal levels accompanied probably hy puoidoplastic
fownge al deep crustal levcls (Lowell and Genik,
1972) ; sediment deposited an this type of tranzitional
crust will rest upon baserment rocks of continental
character, bul not upon a continemal black of ordi-
nary crustal thickness,

(21 Crist with oceanic affinitics but anmsusl thick-
ness fornrs where  sedimentation COnLETRpOTANenyS
with voleanism within an incipient vift depression
helps construet a crustal prafile of mingled sedimen-
tary and igneous components in a complex of lavas
dikes, sills, and sediments (T2, G Maare, 10733 ; sedl
ment deposited later on this tvpe of transifionad crost

iseal profile that may be af nearly continental
thickness

Plate interactions related o the CORsImption
of lithosphere at arc-trench systems, rather than
its creation at rise erests, can also prodice crist
of anomalous thickness that differs from hoth
the normal oceanic value of 3 to 10 km and the
nerial continental value of 30 to 40 Lo Such
anomalous crust can be either af fundamentally
oceanic or of fundamentally continental charac-
ter in terms of its rock companents, Anomalous
crust, in the sense the term is used here, can
form by either of two basically different mecha-
nisms that are tectonically linked onily az two
contrasting facets of the geologic processes that
operate within are-trench systems (fig. 2

(13 Ignecus materials are added to the crustal
structures of magmatic arcs, either as voleanie com-
ponents of the surfcial edifice or as infrosive com-
ponents within the crostal roots of the ares, Dre-
sumahly by this process, the constal thickness heneath
mtraoceanic arcs like Teonga-Kermadee {Shar and
others, 1971, fig. 3) and the Marianas ¢ Muranchi and
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Fig. 2—Zchematic dizgram at true scale o illuos-
trate concepts of paraoceanic and paracontinental
types of anomalous crust (zee text for discussion)
@, intraoceanic arc-trench system; b, continental mar
gin arc-trench system; o, suture belt formed by crustal
collision when continental block on descending plate
encountered subduction zone. Ocesnic crust is roled
and continental crust 15 cross-hatched ; paraoceanic
crust formed of overthickened oceomic elements is
stippled and paracontinental crust formed of over-
thickened continental elements iz jackstrawed. ATG
denotez crust of variable and uncertain thickness
within arc-trench map.
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others, 1968, fig. 1), whose deep underpinnings are
probably cceanic crust, can he increazed from the
normal oceznic range to a thickness of 12 o 15 km,
or perhaps even to 15 1o 25 km, as argued Ly Mark-
hinin (1068} for the Kuriles. Beneath the continental
margin arc of the central Andes {James, 19713, the
unusually thicl crust of nearly 75 L likely also in-
cludes major contributioms of magmatic rock injected
from below into pre-existing continental crust dur-
imr are activity,

{2) Oceanic crusts] slabs are stacked tectanically
in subduction zones to produce thickened crust, ar
subduction can canse actual ocverlapping af  confi-
nental blocks, In California, the subduction complex
of the Froneciscan assemblage (Ernst, 19900 is a
stracturally serambled terrane of oceanic materials
{ Hamilton, 1969}, Included are ophiolitic scraps, de-
formed sesmounts, oceanic pelagites, and turbidite
graywackes in mélanges (Hsu, 1968) and thrust
slices with a total apparent tectonic thickness of 20
to 30 km (Hamilton and Myers, 10867 Mo hasement
rocks of continental charactor have Deen detected
either within or beneath the complex. In Tibet, the
unuztial crustal thickness of as much as 735 km has
been attriluted by Dewer and Burke (1973) to
cruztal thickening thal was effected by essentially
detibling np the continenlal crust. A naorthern exten-
sion of the Indian subeontinent apparently was car-
rigd beneath the Tibetan platezn from a subduction
zome marked now by the suture helt of ophiolitic
mélanges and other deformed oceanic materials along
the Tndus Lne between the Himalayas and the Trans-
Himalayan ranges.

Changez in crustal thickness within are-
trench systems where lithosphere iz consimed
thus tend uniformly, although in diverse fash-
ion, to produce thicker crust, This trend fosters
izostatic uplift and thus, potentially, the crea-
tion of elongate highlands as major sources of
sediment. Intraplate crust can also thicken with
time—certainly in oceanic regions and possibly
in continental ones. In the oceans, the construe.
tiom of volcanic chains like that of Hawaii on
top of previously formed Tithosphere can rough-
ly doulble the thickness of the crust lacally. By
contrast, continental separations and are migra-
tions promote crustal attermation and produce
thinner erust associated with newly formed
lithosphere, From considerations of the iso-
static balance of crust, taken in isolation from
other factors, spreading centers are thus gen-
erators of sites of potentinlly thick sedimenta-
tion.

Thermal vegise—DPlate-tectonic behavior in-
volves convective motions of asthenosphere and
lithosphere  {Elsasser, 19713, regardless of
whether some sort of triggering pertarbation of
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the system is induced primarily by tidal forces
governed by astronomic relations {Bostrom,
1971 ; Knopoff and Leeds, 1972: . W. Moore,
1973y, Convectional overturn of mantle material
canses relative uplift and subsidence of the sur-
face of the lithosphere in places whose locations
are partly independent of local crustal thickness,

The magnitnde of the thermal effect is best
understood for the clevation of oceanic crust,
which stands at shallow depths beneath active
rise crests and at progressively greater depths
dowen the flanks of the rises ( Sclater and others,
1971%. As the ape of the oceanic crust can be
imferred from the correlation of magnetic anom-
alies, rates of subsidence can he estimated em-
pirically, The crests of midoceanic rises have
depths of 2.5 to 3 km, but all ocean floors that
are roughly 75 my old and lack much sediment
cover have a depth of about 5.5 km: oceanic
crust of infermediate age stands at intermediate
depths related in a regular fashion to age. Rates
af subsidence are initially almost 100 mSmoy
bt decline with time towards & figure of 10
m/ty. The observed subsidence can be ex
plained well simply by the thermal contraction
of a cooling lithosphere that is about 100 km
thick. The calenlations assume that isostatic
compensativn takes place at the base of the
slab of lithesphere where it i3 in contact with
the asthenosphere. Various assumptions for the
conductivity and basal temperature of 2 slab of
lithosphere 75 to 100 ke thick allow subordinate
contribistions to crustal elevation from phase
changes 1n the slab and from convective bulging
af the asthenosphere beneath the slahb,

Thermal tumescence along intracontinental
riftz prior to continental breakop, and the sue-
ceeding thermal decay following continental
separation, alse canse major uplift and subsi-
dence of continental hascment tocks (Sleep,
19717, An oanitial thermal wplift of the crder
of 1 to 2.5 kim can be inferred, and is matched
well by the observed domal uplift of 1.5 km dur-
g the late Tertiary in central Kenya along the
East African rift system (Baker and others,
19727, Crustal thinoing hy erosion of the arched
region along an incipient rift may contribute
sigmificantly to the net crustal attenuation asso-
ciated with continental separations (Hsu, 19727,
The duration of purcly thermal subsidence
along a fresh continental margin newly formed
by rifting is unlikely to persist for more than
100 my, and for typacal continental roptures the
major offects probably occur within 30 my
while the continental margin is within 1000 km
of the rise crest (fig. 3).

Potential activators of crustal uplift and sub-
sidence tracealde to changing thermal repimes
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ed continental margin as it moves away from
a rise crest, Dashed lines show successive idealized
zitions of the contineotal slope at the intecvals of
tirne indicated, Width of diagram iz abeast 1000 km
for & half-spreading rate of 2 cmyfyr; effects of sedi-
mentation are ignored.

include the poorly understood hotspots, whese
positions Morgan (1972) ascribed to fixed ad-
vective plumes or columns of hot material ris-
ing from the deep mantle. T hotspots form
bumps on the upper boundary of the astheno-
sphere, the mations of maobile lithosphere may
cause parts of the plates to bob up and down
as they cross over the sites of the underlying
hotspotz {Menard, 1973a). Epeirogenic warp-
ing amounting to hundreds of meters vertically,
and with wavelengths of the order of 1000 km
or more, may be attributable to such 2 phenome-
non, The eventual impact of recent analvses
( Burke and others, 1973 : Molnar and Atwater,
1973 showing that all supposed hotspots can-
nab be fixed in position relative to one another
is not yet clear. In discussing midplate tec-
tonics, Turcotte and Oxburgh (1973) have of-
fered alternative explanations for the origin
of the linear 1sland and scamount chains whose
relations the concept of hotspots purports to ex-
plain. With fized hotspots, the unidirectional
extension of these volcanie chains is interpreted
as a result of the passage of plates of Titho-
sphere over fixed hotspots below. However, the
same preneral effects can be achieved in theory
by postulating the development of propagating
eracks in the lithosphere induced by thermal
stresses from the cooling of slabs of lithosphere
and by membrane stresses from changes in the
radii of curvature of spherical caps of litho-
sphere as they change latitude on the plobe
Fegardless of how the hotspot controversy is
resolved, the possibility of epeirogenic warping
of lithosphere in irregular patterns as plates
pass over a bumpy asthenosphere remains open
(Menard, 19730), unless the houndary Letwoen
lithozphere and asthenosphere is assumed arhi-
trarily to be uniformly smeoth.

Isostatic balance—In the past, isostatic rea-
soning commonly has been applied by assuming
the base of the crust at M to be the level of
compensztion, To the extent that slabs of litho-
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Fiz. 4—5Schematic diagrams to illustrate subsidence of substmatum by Hexural hending of lithosphere
under surficial loading: g, downhowing of continent:] margin owing to load of sediment prism deposited
affshore (after Waleott, 1972, hg 2) where A is inland line of flexure and B is initizl edge of continental
blocle before marginal subsidence (note that substratum at B is depressed to a depth at roughly the samc
level as that of normal cccan Boor a2t C); b, hypothetical downbowing of ocean floor offshore from load of
subduction complex stacked tectomically in subduction zone asseciated with trench beneath which aceanic
fubstratum 35 depressed prior to final descent inte the mantle (after Hamillon, 1973, fig. 1 and note added

in proof) ; vertical exaggeration 10 3,

sphere are literally rigid, the base of the litho-
sphere i3 a more approprizte level of compensa-
tion to choose. In reality, perhaps, given the
limited strength of rock masses, assumption af
partial compensation at both those levels, and
likely at others as well, may prove the most
useful stance to adopt. Tn any case, our past
tendency to think of isostasy in terms of crustal
balance alone is invalid.

I we may speal, nevertheless, of crustal
isostasy in isolation from the broader combext,
then depressions associated with plate  con-
sumption and subduction zones are anisostatic,
in the sense that the elevation of the top of
the crust is not there a function of crustal
thickness and density alone. Instead, the overall
maotion of a descending slal of lithasphere com-
pels the erustal elements in the top tier of the
dlab te follow downward. Where oceanic litho-
sphere is consumed, the trenches are 2.5 to 5
km deeper than the floors of the adjacent
aceanic basing; despite this marked difference in
elevation, the crustal profile teneath the ocean-
ward slope of the trench is demonstrably the
same as in the open ocean. Beneath the axis of
the treach, the ponding of turbidites may even
inerease the thickness of the crust thero, al-
though in cases where this effect 1s dominant a
Lathymetric trench may not be present as an
expression of subduction,

McKenzie (1969) has argued convineingly
that the presence of continental blocks prevents
plate consumption by simple gravimetric resis-
tance to plate descent. Even so, the attempted
subduction of a continental margin, or of con-
tinental lithesphere generally, though arrested
at a stage short of actual plate consumption,
may be able to accomplish appreciable aniso-
static subsidence, 2s that ferm was used above
with reference to oceanic trenches, The local

subsidence of a continental surface standing ini-
tially near sea level to nearly oceanic depths
along a linear helt seemns conceivable if the
excess depth of 2.5 to 5 km noted for trenches
can be extrapolated to this roughly analopous
setbing. Even if conditions of deep water were
never attained, a linear bell of thick sediments
deposited  on subsiding  continental basement
might develop az a result of partial subdacticn.
Such a region would presumably appear in the
geologic record as n mobile pericratonic iringe
bordering an otherwise stable craton,

Waleott (1972) has shown also that flexural
hending of lthosphere under sedimentary load-
ing of oceanic and transitional crust just off-
shore frotm a reifted continental margin can
cavse marked subsidence of continental hase-
ment along the adjacent edge of the continental
block {fg. 4a). As sediments accumulate off
the continental margin, the isostatically com-
pensated lithosphere sags downward, and the
npper surface of the continental block tilts sea-
ward, The depressed belt along the continental
margin may be 200 km wide inward from the
initial continental edge to the line of no vertical
displacement within the continental block, and
the substratum at the initial edge of the conti-
nent can become ared Leocath as much as
4 km of sediment deposited as an clongate
wedge thickening seaward within the depressed
belt, Landward of the depressed helt is a gentle
linear upwarp (not shown on g da) parallel
to the axis of the linear sag in the lithosphere
offshore,

Elevation changes related to crudely analo-
pouns flexures of the lithosphere may occar
around arc-trench systems in response to lec-
tonie loading represented by the buildup of tec.
tonically stacked subduction complexes. Hamil-
ton (19737 argues that the weight of a seaward-
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thinning wedge of médlanges forming the sub-
duction complex bows down the descending plate
of lithosphere oceanward of the subduction zone
[fig. 4b). This action would tend to reduce the
angle of plate descent near the surface, as ac
crefionary  lateral growth of the welt of
mélanges covered the initial site of plate con-
sumption, and perhaps to increase the depth
of the trench as a result of the sag developed
in the lithosphere,

A complication of uncertain sipnificance col-
ors &l detailed considerations of the hehavior
of lithosphere. Several kinds of data and ¢s-
pecially those on terrestrial heat flow, suggest
that continental lithosphere s thicker than
oceanic lithosphere and perhaps as much as
twice as thick (Secalater and Francheteau,
19700, If so, important questions about the
origin of continental lithasphere and abont the
motions of plates of lithosphere over the as-
thenosphere arc raised. Tn any case, rigorous
treatment of the isostatic halance of lithosphere
over asthenosphere  clearly  cannot  he  at-
tempted until possidle variations in the thick-
ness of the lithosphere are hetter known.

AMOILLARY EFFECTS

The sedimentary record 15 only partly a re-
sult of palectéctonic conditions suitable for sed-
imentation. Paleogeographic relations govern Lo
a large extent the nature of the sediment ac-
comulated in a given place at a given time.
The factors that govern geographic variations
with time are largely ancillary side effects
of plate tectonics. The main inflnences of
this kind are related to changes in latitude,
changing patternzs of geopraphy, and enstatic
changes.

Research on palecmagnetism  { Mclilhinny,
1973) indicates that drifting continents have
changed latitude drastically during the course
of geologic history, Unless one supposes a
whally uniform elimate from equator to pole
ak times in the past, this conclusion implies that
each continental block has moved through fun
damentally different climatic belts during its
history. In general, reconstructed paleslatitudes
also crosz each continental block in different
directions for different times. It follows that
ant adequate analysis of any sedimentary basin
must inchude the recovery of the paleclatifudes
of the hasin for the times of interest. Where
long periods of time are represented by the
sehimentary  sequence, o graph showing the
trend of changing

aleolatitudes for the center
of the basin, or for the ends of an elongate
hasin, mayv well prove to be essential for 2 full
interpretation of sedimentation.

Changing geographic patterns arising  from
continental drift may exert important influences
o the distribution of potential  sediment
sources. Patterns of oceanic eirenlation shonld
also be affected, as well as patierns of atmo-
spheric circulation related to rain shadows and
other important offects. Unfortunately, a fnll
assessment of these types of influences on sedi-
mentation in g partieular basin at specific times
i the past muost await the development of a
sequential atlas of paleogeography on a globally
integrated basis. For much of the Phanerozoic
our kaowledge is still inadeguate to shape this
goal even wilh respect to the positions of all
the parts of the present continental hlocks. We
may never be alle to reconstruct well the cone
fgurations of the floors of vanished ocean
basins, which may have harbored rizes for
which no elear evidence remains.

Zustatie changes in sea level sterming frem
ice storage in polar regions are probably modu
lated, in the long view, by the movement of
continental blocks into and out of positions
where they can support large glaciers : distrihn-
tions of other continents so as to block latitudi-
nal circulation in the oceans probably also fa-
vor extensive glaciation on the continentz lo-
cated at lagh latitndes ( Crowell and Frakes,
1970). The remarkable dispiay of cyclic sedi
mentation in the late Paleoxaic sequences de-
posited at low palealatitudes on coastal plains
and in epeiric seas of North America and Fg-
rope can be aseribed tentatively to fluctuations
of the glaciation at high paleslatitudes in
Gondwana (eg, Wanless and Shepard, 1936,

The glacial explanation of eustatic effects re-
lies wpon changing volumes of ocean water
conpled with constant velume aof the acean
basins, In recent years, varions authors (e,
Valentine and Moores, 19727 have speculated
that changes in the globally integrated apread-
ing rate alomg midoceanic rises can cause
eustatic effects by changing the volume of the
ocean hasing while the volume of ocean water
remaing constant. The root of the idea rests
upon the principle that oceanic crust subsides
with age; therefore, if the mean age of the
aceanic crust changes with time, the mean
depth will also vary, Evaluation of the effect
iz difficult (eg., Johnson, 19713, both because
we lack sufficient data to estimate globally in-
tegrated past spreading rates closely an an areal
bisis and because the available worldwide data
on areal flooding of continental blocks at spe-
cific times in the past remains partly equivocal
(but see the paper by Sloss and Speed in this
volume for a fresh synthesis and a unique in-
terpretation). The whole guestion of continen-
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tal freeboard through time is disenssed pro-
vacatively by Wise (1972).

RASIN TERMINCGLOGY

Any feld of homan inguiry requires a sorl
of code of simple words or phrases to denote
complex comeepts, Without thiz aid to brewty
all communication becomes too tedious to pur-
sie. When the underlying framework of con-
cepts changes, the established code beging to
lose meaning. Something of this sort has oc-
curred in the past few vears as the geosynclinal
theory for sedimentary bazins and orogeny has
given way to plate-tectonic theory., Although
the rocks, which are the substance of the reo-
logic record that we discuss, remain the same,
the way that we view their evidence has
changed. During the present period of transition
in concepts, there are two fundamentally op-
posed ways to procecd with description, One
course 15 the adoption of & wholly new terminol-
agy for scdimentary basing, The other course
15 the adaption of the old terminclogy to re
flect the new concepts. In practice, the most
likely path of thinking iz a middle course that
hlends the two approaches by borrowing from
the old where convenient and inventing the new
where necessary, In practice, also, a gquick con-
sensts of views is unlikely, for many thought-
ful workers will offer conflicting terminological
schemes, cach with its own flavor, strengths,
and weaknesses (eg, Mitchell and Reading,
1969 ; Dewey and Bied, 1970 ; Thekinson, 1971a),

The most challenging obstacle to a clean
translation from gecsynelinal to plate-tectonic
terminclogy stems from the two meanings of
the word Basin in geological science. In one
sense a basin is merely a bathymetric or topo-
greaphic depression, but in a more significant
senze a basin is the prism of rock forming =
thick sedimentary succession. Varions types of
hathymetsic basing ean be related readily to the
current global pattern of plate tectonics, but
sedimentary basing can be related to plate tee-
tonics only by deductive reasoning that postu-
latez the historical dimensionms of plate interac-
tiens. On the other hand, the existence of sedi-
mentary basing is the stacting point for geo-
synelinal theory, and their relationship to bathy-
metric basing must be inferred [rom induoctive
'I'L'i-l!-_i(_l-['l]['lg'.

The dominant theme of geosynclinal theory
15 the recognition of parallel and adjacent mio-
geosvnelinal and eugeosynelinal belts {Kay.
1951%, Although several other kinds of geo-
synclines have been named, their designations
arise as extensions of terminology to encompass
sequences whose history does not conform to
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the ruling concepts for the recognition of these
two basic stratigraphic clements of orogenic
belts, In general, miogeosynelinal terranes are
characterized by clearcnt depositional contacts
with econtinental basement and by a lack or
paucity of turbidites and interstratifed voleanic
rocks, By contrast, eugeosynclinal terranes are
characterized hy equivocal contact relationships
with cantinental basement and by an abundance
of turkidites and voleanic rocks within the sedi-
mentary sequence. As a first approximation, the
former can thus be interpreted as thick ac-
cumulations of strata on the marging of con-
tinental blocks and the latter, as strata formed
samewhere within an adjacent cceante basin in-
clading its island arcs. This loose approach to
the translation of geosynelinal terminology into
terms compatible with plate teclonics is not en-
tirely satisfactory. Tt does not allow for the
consideralie sophistication of geosynelinal the-
ory in full Qower, and results in the unneces-
sary lnmping of things that the full geosynclinal
terminclogy accords different status, Nor does 1
meet the need to relate varions types of sedi-
mentary hasins to different kinds of plate inter-
actions, rather than just fo the teo main kinds
of substratum,

PLATE-TECTONIC SETTINGS

[n termz of plate tectonicsz, the scitings of
basins can be described with reference to three
fundamental factors: (1) the type of crust and
lithasphere that serves as substratum for the
bazin; (2) the proximity of the basin to a plate
margin, and (3) the type of plate junctare or
mnctures nearest to the basin.

Tapes of subatratum—In terms of immediate
substratum, normal cendinenfal crust and stan-
davrd aceanic crust are clearly two end mem-
hers. For the fransitional crust discussed in an
earlier section, the term guesiconfinental 15 ap-
plied here to the type characterized by alttems-
ated continental basement, and the term geeasi-
peeanic 15 applied to the type characterized by
an overthickened profile of plainly oceanic ele-
ments including both ignecus and sedimentary
materizls (see fig. 1). The terms paracontines-
fol and parecceonie are applicd, respectively, to
aroipalois crust of previously continental or
gquasicontinental, and previously oceanic or
guasioceanic, character where crustal thiclen-
ing has occurred by the addition of ignecus
materials in magmatic arcs and hotspot chains
ar through processes of feclonic stacking re-
lated 1o subduction zones {see Gg. 2). There
15 inherent ambiguity between arc-related and
subduckion-related subtypes of paracontinental
and paracceanic anomalons crust because hoth
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magmatic arcs and subduction zones can mi-
grate with respect to the intervening sliver of
lithosphere  (Dickinson, 1973, The Jdifferent
categories of crnst are largely conceptual at
present, for the operatiomal means to distin-
guish between them with geophysical ohserva-
tions remain elusive for the most part, More-
aver, the terms are unlikely to suffice as a full
catalogue of significantly  different types  of
crust and aszociated lithosphers. They would
prove to be especially inadeqgnate, and perhaps
misleading fo some extent, if U develops that
significant exchange of substance can ocour he-
tween crust and mantle, or between lithosphere
atil asthenosphere, in settingzs that lie within
mtact plates,

Proximily fo jusictures—The degree of prox.
imily of a basin to o plate margin must be
anderstood in relative rather than  absolute
terms. The point 15 the extent to which tectonic
effects velated directly to plate 1nteractions in-
fuence the setting of the basin. The thermal
decay of the lithosphere as it moves away from
a spreading center is one such effect, which will
be confined within a certain distamee from the
rise crest depending upon the spreading rate.
Similarly, the Jocus of arc magmatism along a
cerbain tremd parallel to the associated trench
will orciar ab & distance that depends upon such
parameters as the rate of plate consumption and
the dip of the inclined seismic zone, In broad
terms, basin settings can thus he divided into
infraplate settings as opposed to zowes of plate
mmferaciion.

Plute junctures.—There are three hasic va-
ricties of plate junctures: (1) divergent, where
old lithosphere separates at spreading centers,
and new lithosphere iz built along midoceanic
rise crests to A1l the opening pap by accretion
of material to the retreating cdpes of the sepa
rating plates; (2% convergeni, where plate con-
sumption carries old lithosphere dowrnward into
the asthenosphere along nclined seismic xones,
and the processes that operate in the subdiae-
tion zones and magmatic arcs modify the litho-
sphere of the overriding plate by adding both
magmatic and tectonic increments Lo its profile;
and (3} fransform, where two plates slide past
ong another along a lateral fault zone without
either forming new lithosphere or destroving
old lithosphere,

The three kinds of junctures are geometric
cnd members and are analogous, in terms of the
geometty of strain indicated, to the three fa-
miliar elasses of faults: normal (extensional),
reverse-thrust  (contractional), and strike-slip
(lateral). There are variants of the three types
of plate junctures where motions obligue to the

trends  of the junctures occur  { Dickinson,
19723, Oblignity of convergence, as indicated
wdependently by slip vectors determined for
earthquakes and by ealenlations of relative plate
motions from correlations of magnetic anoma-
lies at sea, is common along modern sithduction
zones. Obliquity of divergence, however, is com-
monly resolved into a rectilinear lattice of rise
crests and conmecting transforms for apparent-
l¥  mechanical reasons {Lachenbruch and
Thompson, 19723, Aleng transforms where the
relative motion of the plates has a component
of divergence, the same mechanical tendency
evidently fosters 3 similar rectilinear lattice of
transform segments connected by zhart rise sep-
ments. Along transforms where the relative mo-
tiom of the plates has a component of con-
verpence, the combined effect has been called
transpression (Harland, 19717,

Some incipient plate junctores may become
inactive before developing the full character-
istics of their elass, For example, an aborted di-
vergent juncture within a continent might never
undergo sufficient plate separation to develop a
fully oceanic crust and lithosphere, A sedimen-
tary basin with an wnexposed floor of transi-
tional crust might well form above the site of
such o feature. Although clearly intracontinen-
tal in its setting, such a basin can be deseribed
as difraconiinenial as opposed to supraconiings-
fal Dasins deposited on a full complement of
continental hasement. Similarly, plate consump-
tion might be arrested at some stage of partial
subduction before a magmatic arec was devel-
oped, As the confident application of plate
tectonic logiec depends wpon the recognition of
the full display of geologic features character-
istic of each type of plate juncture, such par-
tially developed junctures are apt to foster am-
higuous interpretations,

Combined  paramelers—Considering  jointly
the parameters of crnstal substratum, proximity
to plate interaction, and tyvpe of plate juncture,
the gross settings of sedimentary basins can he
grouped into a hierarchy consistent with plate
tectonics. Initially, infraplate seltings are con-
trasted with settings within zones of plate inter-
action, which include zones of divergent, con-
verpent, and transform motion, For each of the
four broad classes of plate settings so derived,
the nature of the crustal sahstratum may vary,
and subclasses of the settings can be recog-
nized on the basis of the variations:

{a} For intraplate scttings, the substratum
need not Le normal continental or standard
oceanic in nature, for transitional or anomalons
crust inherited from extinet plate junctures can
be prezent,

—
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(by Fones of divergence nclude both intra-
continental and wtracceanic tvpes, although the
owo commaonly are merely sequential stages
the evolution of a single plate juncture respon-
silide also for the formation of transitional crast
during intermediate stages of its evolution,

(e Aomes of convergence include types, or
phases of development, in which either oceanic
ar continentlal {or transitional) crust is drawn
into the subduction zone, and in parallel also
include types in which the anomalons crust of
the arc-trench system develops from crust of
either oceanic or continentzl {or Lransitional)
character initially ; consequently, are-trench svs-
tems embrace multiple settings with diverse
averall relations.

(d) Transform =zones inelude three lasic
types in which the two plates sliding past one
another are Loth oceanic, both continental, or
one comtinental and one oceanie, but transitional
or anomalons crastal bloeks may also be in-
volved; moreover, each of the three basic types
includes two variants where some auxiliaty mo-
tion 15 either divergent or convergent.

The most important classes of geosynclines
represent the net development of sedimentary
specessions over spans of time long enough for
the plate-tectonic setiings of the sites of deposi-
tion Lo change. Typical steps in the evolution
of different classes of geosynclines thus appar-
ertly represent characteristic patterns in the
evolution: of plate interactions and the conse-
guent changes in plate-tectonic setting. Fx-
amples of apparently anomalous geosynclinal
evalution then represent the results of less com-
mon sequences of plate interactions with the
different changes in plate-tectomic setting im-
plied thereby,

RBASIN EVOLUTIODN

Geosynclinal theory is forced by ats indue-
tive hasis to address the analysis of hasin
evolution in terms of type examples. Where
deviations from supposed norms of evolulionary
trends occur, the theory 15 unable to offer clear
insights. Plate tectonics, hy contrast, approaches
the problem of Lasin evolntion in terms of al-
ternate sequentizl patterns of plate interactions.
Given the overall framework of wvaried plate
motions, deductive reasoning from the theory
has the potential 1o shed some insight on quite
unfamiliar evolutionary trends, as well as to ex-
plain in coherent fashion a range of events that
might izsue in different circumstances from
any particular stage of the evolutionary de-
velopment of a given type of basin. By treating
basin evolution as a function of plate motions
and interactions, plate tectomics thus Droadens
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the scope of theorvetically controlled analysis
and reduces the need for whaolly intuitive sug-
gestions,

Plate tectonics as a framework of thinking
thus precludes the possibility of a neat cata-
logue of basin types. Each basin, seen in a de-
velopmental perspective of space and time, to
some extent partakes of a wnigue flaver in
prineiple. The constants in the equation of
Lasin evolution are the types of plate interae-
tions and settings, but the order in which they
may be arranged in space and time is variable
within wide limits. Geosynelinal theory, by con-
trast, assumes the overall trend of development
a5 the standard, and wviews the incremental
ecvents that oceur during evolubion as variable
within wide limits. In an analogical but very
real sense, geosynclines as conceived Ly classic
theory thus have an ontogeny, or Tife history,
driven by tendencies akin in their effects to g
vital force, Plate tectonics casts a more prosaic
light on sedimentary basins, but allows naturally
for mare shadings aof behavior withoat the need
to madify any of itz fundamental lenets.

From the standpoint of plate tectonics, the
evialution of sedimentary basing is incidental to
the formation and consumption of lithosphere.
The major perturbations of a stable and level
earth's surface are related to the opening of
oceanic basins accompanied by the rilting and
fragmentation of continental blocks, and to the
closing of oceanic lasins accompanied by the
collision and assembly of continental hlocks.
The principal trends of hasin evolution can
thus be described as they pertain to the follow-
ing realms of interplay between tectonics and
sedimentation: (a) eceanic dasing underlain by
oceanic lithasphere, (U] viffed confinental mar-
ging along the transibionma]l interface between
oceanic and continental lithosphere, {c) arce
french systems where oceanic lithosphere is
consumed  beneath island ares or continental
margins, (d)} swiwre Pells where continental
blocks are juxtaposed by crustal collision, and
(e imtracontinental basing in the interior of
comtinental blocks. For none of these realms
af interplay should one assume invariant modes
of evolution, but a disenszion of each in order
does afford the means to indicate the salient
relationships of plate tectonics to basin cvaolu-
tior.

Deeanie Basing

Diepending upon their size, the distribution
of divergent plate junctures within them, and
the distribution of convergent plate junctures
within or around them, oceanic basins may lie
at any given time either wholly within zones
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of plate interaction or in whelly intrapiate set-
tings; most typically, they lig partly within
zones of plate interaction but otherwise in an
intraplate  setting, Fach sepment of oceanic
crust and lithosphere typically experiences the
following succession of plate-tectomic seltings in
drder; (1) the zone of plate interaction along
a divergent plate juncture where the oceanic
substratum is formed; (2) the intraplate set-
ting of a deep oceanic basin: and (3) the zone
of plate interaction along colvergent plate
juncture where the bull of the cceanic lithe-
sphere is consumed while variable and uncer-
tain propertions of the aceanic crustal elements
are caught up in the subduction zone, During
either the initial or final phases of evolution in
zones of plate interaction, selected segments
of the oceanic crust may be subjected also to
deformation along transform plate junctares
associated with the divergent or convergent
plate junctures.

Ignoring fealures related to rifted continen-
tal margine and to arc-trench systems, the prin-
cipal settings of oceanic facies controllecd Ly
tectomic relatioms are the following (fig. 3): {a)
rise erests where the lavered igneons successinn
of ophiolite  scquences {Vine and Maores,
1972} are formed along the trends of the spread-
ing centers, (b rise flanks where the oceanic
substratum  gradually suleides as it eools in
moving away from spreading centers, and {c)
deep basing bencath which the thermal contrae-
tion of lithosphere is essentially complete. This
gross picture must be modified to aliow for
special conditions of shearing along  active
transforms near rise crests and for sharp topo-
graphic contrasts across and along fracture
zones that mark the inactive extensions of
transforms down the rise flanks. The outline of
settings may also Le inappropriate in detail for
the oceanic basins gemerated by spreading cen.
ters within marginal seas or interare hasing le
hind migrating island ares,

Nevertheless, the ideal triad of rise crest, risc
flank, and deep hasin serves to emphasize the
main characteristic trends of evolulion for an
oeeanic basin (see fig. 5), The igneous com
ponents of the ophiolite sequence formed at the
spreading center are the first of a series of
diachronous facies typical for oceanic sequences,
The pelagic sediment that covers the igneous
portion of the ophiolite sequence has a strati-
graphy with facies relationships that reflect
changing water depths {Berger, 19737, While
the rise erest and flanks are above the carbonate
compensation depth, caleareous sediment is de-
pasited, but i3 succceded by silicecus sediment
deposited lower on the rise flanks and in the

RISE

Fio, 3—5ketch to illustrate princips seltings of
oreanic facies on transyverse profile of (vpical mid-
aceanic rise (depths afrer Sclater and athers, 19717,
WVertical scale {2 in km of water depth, hut horizontal
scale 35 iy beeanse lateral dimensions of a mid-
aceanic rise are dependent vpen the ST & rake
COD (dashed Tiney s typical level of carbonale com-
pensation depth (Berger, 19733 Alyvssal plain af
turbidites indicated schematically, withaue showing
isostatic compensation of substratum, by stippled area
an right,

deep basins, In hasins that tap torbidity cur-
rents from landmasses, the pelagic layers are
cavered eventually by turbidites of abyssal plains,

Where the oceanic haszin changes  latitare
during itz history or otherwise encounters dif.
ferent oceanic provineces, complexities are in-
troduced into the diachronous sedimentary sue-
cession {Frakes and Kemp, 1972: Heezen and
others, 1973%. For example, owing to the high
equatorial productivity of ealeareons plankton,
the carbonate compensation depth is lowered
significantly below the lvsocline in n narrow
helt along the eguator, This phenomenon has
potential consequences for an oceanic sedimen-
tary sequence formod on one side of the erna-
tor as a doublet of rise-crest caleareons pela.
mtes overlain by siliceous pelagites reflecting
later deposition in decper water., 1§ the Bep-
ment af the oceanic basin hearing this doublet
then crosses the equ tar, its transit may he
marked ly the deposition of = layer of equa-
torial calcareons pelagites, After the segment
of the basin has moved fram the equator
into the other hemisphere, it will then Carry
two calearcons-siliceons doublets. The two sie.
cessive  caleareous  horizons, each averlain
gradationally by siliceous sediment, record the
times of positioning at the rise crest and ers-
torial transit, respectively. Whether details of
this kind can ever be read clearly from the de-
formed oceanic facies of orogenic helts is a
maot question at present, hut avenues for in-
quiry are surely open,

A special set of occanic facies {3 associnted
with dslands and seamounts bidlt as salated
mounds or in lincar chains across oceanie re
gions. The thick voleanic piles themselves may
b capped by recfoid sediment and fAanked by
archipelagic aprons of volcaniclastic turbidites
detived locally, In certain instances, widespread
and thick earbonate platforms like those in the
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Bahamas may alzo be built within oceanic re-
gions, probably on the guasicceanic crust of
marginal fracture ridges (see below) or the
stibmarine ridges of hotspot-genecrated island-
seamount chains.

One of the most remarkable corollaries of
plate-tectonic theory is the inference that all the
ald oceamic crnst—igneons rocks and sediments
alike older than the present ocean floors—has
been placed inta cne of three non-oceanic ro-
positorics: (1) the mantle, into which crustal
materials capable of pressure-induced inversion
to suitably dense phascs could he swept to-
wether with the bulk of the plates of lithosphere
consumed through time by descent into or
through the asthenosphere; (2)  subduction
complexes, into which crustal materials could
he scraped from the tops of descending plates
and thus welded by acerction to the flanks of
eontinental and island-arc crust; or {3) mag-
matic arc structures, inte the rocts of which
crustal materials melted from the upper levels
of descending plates could be fed from below.
Given the ages currently estimated for the pres-
ent ocean floors, this inference means that the
presumalbly immenze bulk of all the turbidites
in all the subzea fans and abyssal plains of all
pro-Jurassic oceamic basing have met one of
those fates, of which the second seems the most
likely at present.

Rifted Continental Margins

Rifted continental margins form in pairs
when continental separations occur along di-
vergent plate junctures, and form singly when
magmatic are structures are rifted away from
the margins of continental blocks by spreading
Lbehind the arcs. In the Tormers case of simple
continental separation, each rifted continental
margin presents the juxtaposition of a high-
standing continental Ylock with sediment sources
against a newly formed oceanic basin to serve as
a sediment sink, The resulting sedimentation
forms & characteristic  sedimentary  prism
spanning the interface between continental and
poeamiec orust. Dierent  components of  the
prism, here called eiffed-margin prigm, Test on
contineatal, transitional, and oceanic erust, The
prisem thus containg strata of both miogcosymne
clinal and edgeosynclinal affinitics, The near-
shore assemblage of mainly paralic and shelf
facies resting om comtinental baserment has heen
aptly termed the miogeocline (DHetz and Hol-
den, 1967) in recognition of the faet that these
strata form, in transverse section, a wedge
thickeming seaward toward the shell edge in
existence at the time of deposition. Similarly,
the offshore assemblage of turbidites and other
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deposits in deep water near the foof of the
continental slope can be termed the engeocline
in analogous recognition of the asymmetric
form of the thick accumulation, whose site is
comtrolled by the position of the continental
margin. However, as these latter deposits may
grade imperceptibly into those of the broad
oceanic hasin nearhy, the designation eugeocline
is commonly less useful in practice than the
term mioseocline.

The rifted-margin prism, when completed,
includes s pumber of distinctive sedimentary
phases within a complex assemblage of de-
posits. Fach of the phases reflects either de-
position in a particular plate-tectonic setting
during the time when the rifted continental
margin still lay within the zone of plate inter-
action alemg a divergent plate juncture, or else
deposition during a particular stage in the
growth of the prism during the time when the
rifted margin was later in an intraplate setting,
WVariations arise within the total sedimentary
assemblage as rates of spreading during differ-
ent continental separations vary in relation to
rates of sediment delivery to the rifted margins,
In principle, the process of accumulation of a
rifted-margin prism can alzo be terminated
during any given phase of sedimentation by
orogeny. Such orogeny may be related cither
to the activation of an arc-french system along
the continental margin, beneath which the off-
shore oceanic lithosphere thus beginz to be con.
sumed, or to crustal collision with an are-
trench svstem ihat approaches the continental
margin by consuming the intervening oceanic
lithosphere offshore (Dickinson, 19713, By
assuming that the sedimentation of a rifted-
margin prism can be arvested ab any stage n
the growth of its successive depositional phases
by several kinds of orogeny, a broad spectrim
of individual gpeosynclinal developments can he
accommodated  within the same conceptual
framewnik of plate tectonics, Important compli-
cations in the sueccession of depositional phases
within rifted-margin prisms are introduced also
by the presence locally of marginal offsets of
the continental blocks involved and by the failed
or aborted arms of triple junctions distributed
along the trend of a rift belt. The marginal
offsets may give rise to marginal fracture ridges
and the triple junctioms, to aulacogens,

The serics of plate-tectonic settings that mark
the successive stages of the evalution of rifted
continental marging can he denoted loosely by
the following fwve terms: pre-rift arch, rift
valley, proto-oceanic gulf, narrow occan, and
open ocean (see alse Schneider, 19727, The five
gradational stages of structural evelution are
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assaciated with depositional phases whose strata
are intercalated locally as contemporaneons
facies, The successive phases of deposition may
form markedly diachronous facies along any
rifted-margin prism, for the geometry of plate
tectonics requires most continental separations
to proceed as wedge-like openings, rather than
as instantaneous separations along the whole
length of given rift belts {Dickinson, 1972},
Pre-vift arch—lhuring the thermal arching
that precedes and accompanies incipient rifting,
peralkaline voleanism is characteristic {fg. Sa),
This activity is apparently not uniform along
the rift helt but is concentrated near the crests
of broad domal uplifts, from 250 to 1250 km
aeross, that are spaced like beads with centers
at intervals of roughly 1000 to 2000 Lm along
the trend of the rift helt (LeBaz, 1971}, The
lalance hetween the rate of accumulation of
such voleanics and the rate of erosion of the
thermal arches that they crown is uncert

tain,
Izt relations in Africa and South America ad-
jacent to the South Atlantic suggest that ero-
sion of the thermal arch is the dominant effect
arealty. In that region, uplifted terranes of Pre-
cambrian basement are prominent along both
consts hetween the ocean and extensive inland
haszing in which Paleozoic and Mesozoic strata
preserved on hoth continents {Burke and
others, 19717,

Rift y—When sufficient crustal exten-
sion affects the arched region, rift valleys begin
to form as grabens and half-grabens (fig, 6b).
Probably these develop first within the domal
uplifts, hut later they extemd as an essentially
continuoms  branching network along the full
trend of the rift belt, Tn the rift valleys, con-
tinental redbeds are intercalated with voleanics
that continue to erupt through the growing sys-
tem of crustal fractures { Scrutton, 1973, Broad
regions to either side of the eventual zone of
rapture between the separating continents ap-
parently can he searred by extensional faulting
during this time, Large-scale extensional fault-
iy has offset continental basement rocks across
a belt 100 to 230 ko wide west of the axial rift

B NN

; 1000 KM |

a. b

Fio. f.—Sketches to illustrate successive pro-oceanic stages i evalution of
ctoss-seetion (vertical exaggerstion 233 except on dips of favlts): a, pre-rif al
ized voleanoes capping it; &, rift val]cy system with lecresteial nis i
locally aeross a belt about 300 km wide; £, proto-cecanic gulf with thick saline decosite shown within a helt

780 km across with ide

et 280 leen wide, Stipples ndicate sediment,

— T ——

zone in the modern Eed Sea {Huotchinson and
Engels, 1972), and the Triassic basins of the
Appalachian region lie as much as 230 to 300
km inland irom the present continental slope,
which can be taken as marking roughly the
ling of Jurassic continental separation.

Profo-oceonis qulf—As continued cristal dis
tension imduces snbsidence along the zone of
incipient continental ruplure despile continuecd
thermal effects, the floors of the main rift val
levs become partially or intermittently flooded
te form proto-cceanic gulfs, Restricted condi-
tions in these basins, which are probably still
rimmed by uplhifts that Dlock delivery of clastic
sediment, promoate the deposition ol evaporites
in suitable chimates [(Ag, &) Immense thick-
nesses, as much as 3 Lo .5 km, of evaporites are
present in the subsarface beneath parts of the
Fed Sea {Lowell and Genik, 1972 Hutchinson
and Engels, 1972%. Ruried salt layers that feed
extensive diapic Relds are present off many
Morth Atlantic coasts (Pautot and others, 19707,
Extensive evaporites are lnown alse from
coastal basing on hoth sides of the South At-
lantic, where they are apparently correlative and
represent dismembered portions of the same
clongate and initially continuous evaporite basin
(Reyment, 1972%. The prote-oceanic evaporites
are presumably deposited mainly on transitional
crust, probably in meost instances of the guasi-
continental variety representing attennated con-
tinental hasement. Deposifion on accamic crust,
aor as part of the sedimentary component of
guasioceanic crust, could conceivably occour if
thermal uplift along the rift belt were suffi
clently pronounced during and just after full
continental rupture,

Norrow oceon—Once new oceanic crust and
lithasphere begin to form along the helt be
tween two separated continental blocks, fully
oceanic comditions are attained in the stroctural
zense (fig. 7). In the geographic sense, how-
ever, a distinction can be drawn lLetween nar-
row oceans and open oceans. In narrow oceans,
sediment delivery to a given oceanic site from
both bounding continental blocks eould con-

c.
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Fig, 7.—Idealized diagrams to illustrate succcssive
depasiticnal phases in evolution of rifted-margin
prism along conlinent-ocean interiace with sea level
shown as dashed line (vertical exagperation 100} :
a, bazal clastic phaze of miageocline dr]n:-l-lhd during
thermal subsidence of transitional crust, within which
carlier deposits of rift-valley redbeds, proto-oceanic
cvaporites, rift lavas, ete. are not differentiated; b,
carbonate- shale plnw of misgeocline deposited dor-
mp theli-slope-rise confguration of rifted conlinen-
tal marging ¢, progradational continental embank-
ment. See text for discuzsion,

ceivably oceour, although the tendency of the
spreading center to form an elevated midoceanic
rize would tend to divide the oceanie basin into
two halves with different sediment sources for
beds deposited from hottom-hugging turbidity
currents. 1f tuchidity ecurrents could reach or
cross the actual spreading center, the net effect
would be to continue forming transitional crost
of the quasioceanic type,

More important in & narrow ocean 15 the fact
that the transitional crust along and adjacent
to the altenuated continental marginsg wonld
continue to subside thermally as a closing stage
of the plate interaction that formed the rifted
comtitiental marging. This period of subsidence
prohably persists along a rifted continental
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margin for perhaps 50 Lo 75 my, during which
it proceeds independently of sedimentary load-
ing, Its influence would tend to eliminate the
uplifted belts that previously acted Lo bar sedi-
ment delivery to the rifted continental margin,
This early thermal subsidence of the substratum
beneath the helt of guasiconlinental transitional
crust 13 probably the factor that induces rather
rapid accumulation of thick clastics as a hasal
phase of typical miogeoclines (fig. 7a). Such
strata form a bazal wedge, thickening scaward,
as the oldest areally continnous deposits in the
outer or oceanward parts of both the Appalach-
ian and Cordilleran miogeociines (King, 1969,
p. 11-12; Stewart, 1972), in both of which the
hasal clastic phase 15 latest Precambrian and
carlier Cambrian in age.

Open ecean—When the strictly thermal sub-
sidence of a rifted continental margin 15 com-
plete, the margin is left in an intraplate setting
and facing an open ocean. At this point, the
drowned belt of transitional crust along the
margin iz already complex gealogically, The
attenuated  continental  basement  rocks  are
faulted and coversd locally Ty continental clas-
tics, voleanies, and evaporites concentrabed in
varying  degree  within  downlaulted  blocks.
Acrosz this compound substratum, the hasal
clastic phase deposited during and closely fol-
lowing the main thermal subsidence iz draped
as a wedge of marine and paralie strata huilt
upward to form an isostatically balanced con-
rinental terrace in the initial configuration of
that feature. From thiz poeint onward, any fur
ther subsidence apparently is the result of sedi-
mentary loading of crust offshore irom the shelf
hreak at the edege of the continental terrace,

The continued evolution of the rifted margin
prism can be described using the terminology of
Dietz (19037 for continental lerrace, slope,
rise, and embankment, The continental terrace,
upon which sheli and paralic sedimentation
dominates, extends to the slope hreak at the
shelf edge, from which the continental slope
leads down o deep water where the continental
rize of turbulites accumulates along the edge of
oceanic cmst (g, 7h). Bending of the litho-
sphere cansed by the loading of the continental
rise { Waleott, 19727 causes the confinental ter-
ce 1o il progressively scaward, This process
erialbles the continental terrace to receive sne-
cessive wedpes of strata that thicken rather
uniformly from a nearly common  landward
hinge zone toward the shelf edge (eg., Rona,
1973). The flexure at the hinge zone lies per-
haps 100 to 230 km from the shelf edge As
subzidence of this kind is not linked directly to
sedimentary loading of the continental terrace
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itself, erosional episodes on the shelf may pro-
dice disconformities within the shallow marine
and shoreline deposits of the accumulating ter-
race wedge. These miogeoclinal strata, de-
posited more slowly than the underlying basal
clastic phase, are probably represented by the
succeeding carbonate-shale phase (eg., King,
1969 of the lower Paleozeic sectiom in the
Appalachian and Cordilleran miogeochines, Ifor
the Appalachians, a carbonate platform mar-
ginal to the continent is recopnized clearly for
this interval { Rodgers, 19687, and similar strata
appear in the Cordilleran case {Armstrong,
10680 ).

The continental slope bevond the shelf break
is largely a remon of schment bypass that
serves for the transit of turbidity currents
headed from shallower water toward the con-
tinental mise, Sediment thickneszes hencath the
terrace-slope-Tise association thus rive an hour-
glass offect in seclion, with the pinched reglon
of thin strata lyving along the continental slope.
Available data suggest that sediment  thick-
nesges bheneath the shelf break at the outer edge
of the continental terrace, and also thoss be-
neath the continemtal rise, can reach at least
3 km.

Tf clastic sedimentation along a vifted con-
tinental margin s volwminous enmagh, apward
constraction of the continental rize and outward
construction of the continental terrace lead to
the development of a progradational continental
embankment {fg. 7o), This type of leature is
dizcuzzed here az a sequel to the stage of de-
velepment represented by the terrace-slope-rise
azzociation, but appropriate relationz ameong the
details of structural development of transitional
crust, the rate of thermal subsidence, and the
timing and rate of sediment delivery could blur
the distinchion between the two stages of de-
velopment in some instances, The continental
slope on the front of a confinental embankment
becomes a  constrochonal  featore ﬁwi:l;‘; 18]
wholesale progradation of the continental edge.
Shelf break and slope thas advance seawand
from the vegion of transitional crust until both
reach o position above fully oceanic crust, as
etz (19630 suggests for the Texas coast. The
tap of the embankment receives mainly fluvial
and paralic sediments while the frontal slope
atwl toe receive mainly turbidites, Immense thick-
nesses of sediment are possible for continenial
embankments; at Teast 12.5 km of sediment are
present beneath the Texas coast and Waleott
(1972 supgests that thicknesses of 175 km
could be attzined Ly simple zostatic subsidence
of oceanie crnst and lithosphere. By analogy
with the deep-water MNiger delta, the structure

of the continental embankment in the region
beyond the edge of the pre-existing continental
terrace can be mferred to include three main
depositional phases (Burke, 1972): a Dasal
rhaze of sandy turbidites deposited near the toe
of the embankment, a middle phase of mainly
shaly rocks deposited on the advancing frontal
slope of the embankment, and an upper phase of
largely sandy paralic strota deposited along the
prograding outer edge of the top of the em
bankment.

Marginal offrets—On the floor of the madern
Adlantic Ocean, the major transforms that offsce
the crest of the midoceanic rise are extensions
of fracture zones whose extremities at the Nanlks
of the ocean appear to coincide with abrupt
offsets of the adjacent continental margins (Le
Fichon and Idayes, 1971; Le Pichon and Fox,
19713, To some extent, therefore, the rnss
shape of the rectilinear trellis of rise segments
and connecting transforms in the ocean is in-
herited from the shape of the initial ropture
formed by continental separation, The marginal
offgels were transform fault zones, rather than
extenzional rift zones, during continental sep-
aralion, The cdges of the continental blocks
along the tremds of the marginal offsets thus
voderwent a different early evalution than the
edges that face toward the center of the ocean
and are masked now by rifted-margin prisms of
the type just discussed (g, 8). Strike-slip along
the marginal offsets during continental separa-
tion would disropt and displace sepments of the
carlier phases of any sedimentary acoumulations
that might form along those parts of the con-
tinental edges, More important, however, is the
fact that the structural character of the Eransi-
tiomal crust along the marginal offsets 5 likely
to be different in kind {Francheteaun and Le
Fichon, 1972,

Daring  combinental  separztion, continental
marging along the marginal-offset transforms
are swept by the huatt ends of incipient mid-
oceanic rise segments (see fig. 8), Although the
full thermal and petrologic effects of this pro-
cess are unclear, the lateral transit of the end
of a rise zegment along a marginal offset appar-
ently leads to the formation of a distinctive fea-
ture termed a marginal fracture ridge (Le
Pichon and Haves, 1971; Le Pichon and TFax,
1971, Where fully developed, marginal [rae-
ture ridges extend along the marginal offset
itself and at least that far sgain out to sea
along the same trend, They arve formed probably
in part by crumpling and shearing along the
ship zone, and in part by overthickened quasi-
acearic erust formed by exceptional leakage of
igneons matesials from the regions near the hutt
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Frg, #-—Diagrom after LePichon and Hayes (19710 showt
fracture ridges during continental separation of continental fra

ISR,

i plan view the development of marginal
greenls A and B oshown joinel prior to separa-

tion in e and progressively farther apart in b, ¢, 4. Barred Tines are spreading centers linked by a transform

and hachured lines show positions of normal rifted-margin prisms. ITe
along margina! offsets and offshore, Dashed lines in @ are fracture zones along same tre

ends of the migrating rise segpments, Thick sedi-
mentation along marginal offscts is probably de-
laved by prolonged thermal uplift, and clastic
sedimentation may be inhibited locally by high-
standing marginal fracture ridges, However,
the marginal offsets are subject to prolonged
thermal uplift and marginal fracture ridges may
later actually promote abnormally thick sedi-
mentation of biogenic sediments in the oceanic
realm along offzhore trends in line with mar-
ginal offsets, The Bahama platform, an elongate
accumlation of 5 km of mainly shallow-water
carbonates shove perhaps 15 km of quasioceanic
erust { Dietz and others, 19707 may reflect such
a phenomenon, although other means of gen-
erating the quasioceanic cerust beneath the car-
Lonate platform have also been suggested,
Aulacagens —The term aulacogen is applied
here in the wsape of Hoffman (and others,
1974} as adapted from the Russian literature,
in which the term was devised for a class of
features initiated maioly in the later Precam-
brian {Salop and Scheinmann, 1969}, Aunla-
cogens are clongale sedimentary basing that ex-
tene, as gradually oarrowing wedges or ple
slices in plan view, from the margins of cratons
toward the interiors of cratons. The sedimentary
sequences of aulacagens ore mainly similar in
reneral nmature to facies equivalents in plat-
formal sequences of the cratens adjacent on
both sides, but are much thicker. Aulacogens
are thought to evolve from semioceanic gashes
formed at re-entrants i rifted continental mar-
gins during continental separations (fg. 93,
The everall geomelry of RRR and ERI triple
junctions (McEenzie and Morgan, 1969) is at-
tractive as an cxplanation for the tectonic
setting of aulacogens. Such a triple junction has
two or three spreading centers as arms, The
Adar region linking the Red Sea, Gulf of Aden,
and East Afeican rift systems is a modern ex-
ample. Burke and others (19713 and Grant
{1971) argue that the Benne Trough, which

vy dots are margical [racture ridees

extends into Africa from the head of the Gulf
of Guinea, was temporarily one spreading arm
of a triple junction in the Cretaceous, When
continuation of metion along the other two
arms opened the South Atlantic, the Benoe arm
was aborted In an incipient stage of develop-
ment, Cretaceous and younger sediments he-
neath the trough are more than 5 km thick for
at least 300 km along its axis. Their accumula.
fion was probablv accommodated by the sub-
sidence of transitional crust beneath the trough.
Thermal subsidence following the failure of the
Benue spreading arm to continue into a fully
oceanie configuration  probably served as g
trigrer o initiate sedimentation, which then
forced further isostatic subsid

lence under zedi-

mentary loading, The location of a long-lived
Benue depression also apparently contrelled the
the position of

course of the Niger River and
itz delta, The delta itself is evidently a local
continental  embankment contuining  sediment
same 10 km thick bl into deep water beyond
the jmitial continental margin off the scaward
el of the aulacogen.

In MNorth America, the best example
aulacogen containing FPhanerozoic strata is the
Anadarko-Ardmere basin, which extends inland
nearly 500 km from the southern margin of
the Paleczoic continent. Ham  and  Wilson
(1967} describe the section in the elongate
basin as 10 to 12 km of Paleozoic strata over-
lying at least 2 km of Cambrian volcanics. Late
Paleozoic deformation and coarse clastic sedi-
mentation within the basin was greatest toward
its open end, and was probably related to the
Omachitn orogeny along the nearby continental
A TirI,

of amn

Ave-Trench Svslewms
Are-trench  systemz are the characteristic
geologic expression of convergent plate june-
tizres [ Dickinson, 197070, As recognized plainly
by Fawv (1951, the voleaniclastic rocks of vol-
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canic igland chains built aloong magmatic arcs
are  prominent  within  many  engeosynelinal
terrancs, Eugeosynelinal terranes alse include
the subduction  complexes associated  with
trenches, where oceanic strata-are mingled tec-
tonically as they are detached from the tops of
glabs of lithosphere descending beneath the
flanks of arc-trench systems. Sedimentary se-
quences that aceumilate on the flanks of mag-
matic arcs, which stand as positive topographic
features during arc activity, receive a varicty of
geosynelinal designations locally, depending on
detzils of their relationships to varions types of
substratum and alse upom the nature of the
strata  themselves. A fall discnssion of the
evolution of arc-trench sysbems reguires an s-
sential focuz on magmatism and metamerphism,
but the emphasis bere is solely upon the facets
al kehavior that affect the associated sedimen-
tary basins {Dickinson, 1974,

-trench systems include the following five
major morphotectonic elements (e, Dickinson,
1973%: {1} the trench, & hathymoetric deep
floared by ceeanic crust: (2 the subducton
zawg beneath the inner wall of the trench and
the trench slope break marking the top of the
inner wally (3} the arc-trench rap, a belt with-
mowhich a fereare basin may oconr hebween
the trench slope break and the magmatic arc;
(47 the magmabic are, within which fadeg-aee
boagims may occur; and (5) the backare area,
within which may lic either an nderare bosin
foored by oecanic crust and separated from the
rear of the arc by a normal fanlt system, or a
ritraave Posin floored by continental bascment
anl separated from the rear of the are by a
thrust fault system.

Sedimentation in the varions types of basins
nated for the different elements of are-trench
dyslems 1s contemporaneonus with both voleanism
and  plutenism along the magmatie arve, and
with metamerphism both in the cool subduction
sone and in the hot roots of the magmatic arc
Faulting and other deformation in the subdue-
tion zone, within the magmatic arve, and in the
tackare area iz also contemporanecus with
cadimentation. Although sequential phazes of
salimentation can doubtless be recognized for
each of the kinds of sedimentary basing noted
i1 the varions morphotectomc setbings, the areal
contrast in focies among the varions kinds of
sedimentary sequences forms the most Impor-
tant and regular genetic pattern. This pattern
of distinctive and parallel sedimentary Lerranes,
coupled with their igneous and metamorphic as
sociates, can be nsed as a means to identify the
petrotectonie assemblages that form the geo-
logic record of past are-trench systems.

LACOGEN

Fig, 9—Diagratms showing in plan view alternate
mechanisms for the development of aulacopens at
re-gitrants in rifted continental marging {continental
blocks shaded, plate junctures that continue active
shown ag solid heavy lines, failed spresding centers
along axiz of aulacopen shown as dashed heavy
Iine) : @, aulacogen as failed arm of formerly skshle
ERE triple junction {spreading directions changed
along the two arms that continued spreading when
motion stopped along the failed aom); b, ou acoErEn
as failed arm of icherently unstable RRF triple june-
tion (after Grant, 19719,
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Thick sedimentation  associated  with  are-
trench systems is best discussed, therefore, in
relation to subduction zones, forearc basins,
ittra-are basing, interarc basing, and retroarc
hasins {fg, 10, The progressive development
af these Teatures presumahly will continue until
the plate consumption that fosters an arc-trench
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o, 10 —Tdealized diagrams to illustrate tectonie
settings of sedimentary hasins (sfipplal)  associated
with arc-trench systems, Dashed line is sca level Ver-
tieal exaggeration iz 10% ; note apparcnt steep angles
of descent of plates beneath trench although truc
angles depicted are 60 deprees (o) and 30 degrees
(Y. Oeeanie and paracceanic orust is crosshatched
continental and paracontinental crust is jackstrawed.
Trench slope breale (TEE)} lie ahove subduction
zoene complexes at thresholds of arc-trench gaps
within which forearc basing (FAB)Y are shown, For
intraoceanic arc (o), active or frootal island arc
(ATECY §s shown with o marine intra-are basin, and
remnant are (LA stands between two interare hasing
{IABY, one active (left) and one inactive (right}
hut hoth with veleanielastic wedpges along one flank.
Far continental margin are (), voleanic highlands
(ﬂRC? are shown with a terrestrizl wolra-are basin,
a PAankine intermentone lowland, and 2 foreland fold-
thrust belr (FTRY above zone of partial erustal SL'JI‘.‘--
fuction lies between magmatic are and retroarc basin
[RATY on depressed erust of pericratonic foreland
adjacent to margin of nterior craton {20,

system 15 terminated, commonly by erustal colli-
sion to form a sulure belt

Subduction sonecs.—Seaward from the treoch
in typical arc-trench systems is o broad upwarp
of the ocean floor marking the flexnre of the
lthosphere as it bends to descend heneath the
arc-trench system. The inner slope of this outer
arch is the gentle onter slope of the trench, and
s searred in places by normal Taults reflecting
loal extensional deformation of the ophiolite
sequence represented by the lgneous oceanie
crust and ils sediment cover. The trench is a
bathymetric deep immediately adjacent to the

DICKINSON

tectonic front of the subduction zone, which
begins at the base of the steep inner wall of
the trench. On the trench floor, varialle thick-
nesses of turbidites are ponded above the sedi-
ment layers rafted tectonically into the trench
from the open ocean floor, Transporl by turbid-
ity currentz within a trench is mainly longitu-
dinal along the trench axis {von Huene, 1972;
Marlow and others, 1973}, although the initial
cntry of sediment into the trench may occur at
intervals along the inmer wall as well as from
the ends of the trench {(Ross, 1971 [. C. Maoore,
19733, Where the rate of scdiment delivery o a
trench iz high enovgh in relation to the rate of
plate consumption, the trench may be Alled with
sediment and the trench site covered by suhszea
fans that mazk the position of the tectonic front
of the subduction zone { Silver, 19607, It is fair
ta infer that the wolume of locally deposited
Larbidite sediment incorporated within the near-
Ly subduction complex is thus in some measure
irversely proportional to the Lathymetric depth
of the associated trench. An empty trench leaves
little evidence in the geologic record.

Recent data leave [little doubt that the steep
mner wall of the trench iz anderlain almost
directly by deformed and uplifted oceanic sirata
with only a local cover of undeformed sedi-
ment (Earilg, in press). This material is inter-
preted here az a subduction complex of mélanges
and crumpled beds sliced by thrusts and inelud-
ing ophiclitic scraps. The tectonic top of the
subduction complex 15 assumed fo lie at or just
Leneath the sea hottom at the trench slope break,
a bathymetric teansition point lecated at the
top of the inner wall of the trench, The mass of
the subduction complex iz inferred to srow by
the accretion of successive  increments  of
oceanic crustal materials that either are jammed
against 1ts scaward flank at the trench axis or
seraped inko its basal levels from the top of the
slab of lHihosphere that descends heneath the
subduction =zone, It Is important to nate that
these materials thus added to the suhduetion
complex include net only indigenous trench
turbidites deposited nearhy, but potentially also
mclude samplings of all the tiurkidites deposited
over extensive areas of the ocean floor from
sources wholly exetic to the arc-trench system
into whose flank they are incorporated,

As oceanic materials are stacked tectonically
within subduction zones, net uplifl of the sub-
duetion complex must cccur even while subduc-
tion continues, and should be dramatic when
stibduction ceases for any reason. The condi-
tion of a subduction complex where exposed to
view on land is thus never the initial condition.
Alwaws there is the overprint of deformation
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during uplile, which must amount to a minimum
of 5 to 10 km i the depths of madern trenches
are representative. Mass movement of material
off the steep inner wall of the trench may in
time recvele some materials back through the
process of subduction. We are still at a loss 1o
understand fully the c.'u:un'.uph“< str nctures of mé-
langres and thrust-bounded slabs in subduction
complexes [ Suppe, 1972}, Tt seems clear, Bow-
ever, that their grest apparent thickoesses are
tectonic, tather than steatigraphic,

Foregre basing —The topographic and bathy-
metric configuration within the arc-trench gap
Letween the trench slope break and the voleanic
front is highly varied. The elevalion of the
threshald .-l| the trench slope Lreak is evidently
controlled by the elevation of the top of the
sulwiuction u:cum":lc*f which may he emergent as
islands or may lie at depths as great as 2 to 3
km. Different arc-trench gaps contain, singly or
in combination, such diverse g ‘n'fn-rﬂnf‘ ale-
ments  as  mountainous u;ﬂifth. longtitudinal
tronghs, transverse submarine slopes, shall
shelves, deep-marine terraces or plains, and ter-
restrizl plaing or vallevs, In a muomber of mod-
ern arc-irench gaps, thick sequences of largely
vdeinrmed  sediments  attest to  progressive
subsidence to develop forcarc basins as the
termn iz used here, and sequences interpreted as
forearc basinz in the geologic record attain
thicknesses of 5 to 12 km. Subsidence may be
related to the descent of a dense slab of litho-
sphere heneath the arc-trench A

The sedimentary sequences of forearc basins
rest on a substratum of variable and partly un-
certain character. On the arc flank of the arc-
trench gap the substratum may include eroded
ipneons rocks, both plutonic and voleanic, of the
magmatic arc. On the trench flank of the arc-
trench gap the substratum may include parts oi
the subduction complex. Beneath the center of a
[orearc Dbasin the substratum he para-
oceanic crust made of previously acereted ele-
ments of a subduction complex that hroadens by
growing seaward with time, or may be oceanic
ar transitional erust that existed hefore the arc
trench system was activated (e, Grow, 1973).
Thus, in general, forcare hasins are commonly
specessor basins ( King, 1969) in the sense that
they overlie older, deformed clements or oro-
wenic helts.

Farearc basins receive sediment mainly from
the extensive nearby arc structures, where not
anly volcanic rocks but alse plutonic and meta-
1r'-m'p]11|: rocks exposed by uplift and crosion
may serve as sources, Sources may also include
local uplands along the trench slope break or
within the arc-trench gap itself. Facies grada-
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tions may presumably occur between strata of
foreare basins and wolcaniclastic beds of the
voleanic arcs, but profoment normal fanlt zones
commoanly bound the basins on the arc side
{¥arig, in press). On the trench side, tectonic
gradation inte the disrupbed strata of the sub-
duction zone presumally ocewrs leocally, In sev-
eral instances, however, nearly intact ophiolite
segquences Lhal underlie continuous sedimentary
sequences of inferred forearc basins are in
sharp fault contact with the adjacent subduec-
tion complexes. This circumstance implies little
or no transfer of material into the subduction
zone from the part of the forearc basin now
prezerved. Instead, the forcarc basins appear to
have whally overridden the subduction zones.
This relation holds for the late Mesozoic Great
Valley sequence of California where faulted
ainst the coeval Franciscan complex [ Bailey
and others, 1971%, for the late Paleczoic and
early Mesozaic western marginal facies of New
Zealand where faulted against the coeval cast-
ern axial facies or Torlesse Group ( Landis and
Tishop, 1972; Blake and Landis, 19737, and for
the early Tertiary succession of the central

Burmese lowland  where fanlted against the
mdoburman  flysch  tervane  { Bronaschweil
19667,

By inference from the Lathymetry of modern
foreare basing, and from the sedimentology of
alder sequences inferred to have been deposited
in similar settings, forcarc basins may contain
a wvariety of facies, Shell and deltaic or terres-
trial sediments, as well as turbidites with either
transverse or longitudinal paleocurrents, may
oconr in different examples. The local bathym-
etrv prestmably controlled by the elevation
of the trench slope hreak, the rate of sediment
delivery to the forearc basin, and the rate of
bagin subsidence acting in combination. Varions
facips patterns amd  successive  depositional
phases pln]ﬂbv can ocour in dlan;'r{'ﬂt cases.

Tntra-are basing—Magmatic arcs include both
intranceanic  and  continental margin  tyvpes
{ Drickinson, 1974). Intrzoccanic arcs include
those with anly paraoceanic crust built by

marmatic additions to oceanic erust and those
underlain at depth by a sliver of continental
crust detached as part of a migratory arc struc-
tire. Continental margin arcs include island
arcs backed by shallow epicontinental seas as
well as those standing alang the edges of land-
maszses. ault-hounded extensional basins that
oot within many magmatic arcs may be re
lated to local voleano-tectonic subsidence, or o
arching that accompanies uplift of paracon-
tinental crust, or to the development of an -
cipient interarc basin, Voleanicls istic strata are
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characteristic, but may include a range of tvpes
from terrestrial redbeds to turbidites, as well as
various intermediary facies, Local sources of
sediment within the are structure are tvpical,
but low-standing island arcs located near con-
tinental blocks may accumulate clastic strata
from external sources as well; these have been
termed basinal arcs (Berg and others, 19727,

Backare areqs~The distinction made here
hetween interare and retroarc basins in the
backare area reflects the existence of two dis-
finct variants of arc-trench systems (see fig.
10%. Both types of hasins are related indirectly
tr the convergent plate junctures to which the
trenches and their associated subduction zones
are related directlv. The contrast between the
Leckonic settings of interarc and retroarc hasins
seemingly  stems, thercfore, from  influences
other than simple plate interactions at conver-
gent plate junctures, The key control iz appar-
ently ‘the relative motion of the plate of litho-
sphere in the hackare area with respect to the
wnderiying asthenosphere (Conev, 1971: Dick-
inson,  1972: Hyndman, 1972 Wilson  and
Burke, 1972; Wilson, 19733, '

The lithosphere is apparently not wholly in-
tact across the region hencath the magmatic arc
owing to thermal softening from the high heat
flux. The narrow belt of lithosphere beneath the
arc-trench gap can thus be viewed as a scparate
narronw plate. Where the lithosphere behind the
arc has a component of motion, relative to un-
derlying asthenosphers, away from the mag-
matic are, then the are structire may split, An
interare  basin underlain by newly  formed
oceanic erust built by a hackare spreading cen-
ter then opens between the aclive or frontal arc
and a remnant arc (Karig, 19723, which may
be of either intracceanic or continental margin
tvpe, This made of hehavior is characteristic of
castward-facing island ares in the western
Pacific region (Earig, 1970, 19712}, Where the
lithasphere behind the arc has a component of
motion, relative to underlying asthenosphere,
toward the magmatic are, then partial subdic-
tion of continental lithasphere beneath the rear
of the arc structure is assumed here to oceur
(e, Coney, 19723, A fold-thrust belt thus
develops in the hackarc area as cover rocks are
stripped off descending bazement. The resulting
highlands shed debris into a downbowed retro-
arc basin along a belt that can be termed peri-
eratonic between the continental margin are and
the eraton, This mode of behavier is character-
istic of the westward-facing Andean are, which
is fanked on the east by the Subandean feld-
thrust belt, hevond which are the Subandean
sedimentary hasing that lie between the Andes
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and the craton {Ham and Herrerra, 1963 Son.
nenherg, 1963).

Cf.lT!l."'.i.!'i‘r’{l.}_'-]}'_, the cont asting hehavior of east-
ward-facing and westward-facing  arc-trench
systems may reflect the different tectomic re-
gimes, respectively extensional and cont rackional,
induced in barkarc areas by the postulated net
westward drift of lthosphere with respect ta
asthenosphere as a result of tidal infAuences
{G. W, Moore, 1973}, By implication, arc-
trench systems with a roughly east-west orienta-
Bon might experience no marked deformation in
backare areas, and hence might display neither
interarc nor retroare hasins,

fnterare basing—The sedimentary record of
interare hasing is not well documented, but their
glabal abundance at present suggests that eugeo-
synclinal tereanes of the past prolably contain
numercns examples. It must be inferred that
some  ophiolitic sequences of orogenic belts
represent oceanie crust formed as the floors of
interarc basing, rather than in open aceans. If
there are significant differences Letween the
igneous rocks of the tweo lkinds of ophiolitic
sequences, the dislinction iz not vet established,

The sedimentary strata in modern interarc
basins include distinctive turbidite aprons of
voleaniclastic beds shed backward from the
rifted rear sides of migratory frontal arcs
{(Karig, 1970, 1971a, 1972}, These turbidite
wedges appear to rest almost directly on the
Emecus occanic crust with little or no interven-
ing pelagites  present. Deyond the interare
spreading centers sedimentation varies mark-
edly, Where a given interarc hasin is bounded
on the side away {rom the arc-trench system by
a submerged remnant arc, no effective zotiree
of clastic sediment is present and oceanic pela-
gites  accummulate. Where successive remnant
arcs with paracceanic crust are calved in sne-
cession from migratory fromtal arcs, a broad
aceanic region is formed in which the only
thick sedimentary accumulations are turbidite
wedges stranded behind each submierged rem-
nant arc.

On the other hand, where an interare basin
forme by disruption of a continental margin
arc, one side of the interare bazin is a2 form of
rifted continental margin alomg which some
variant of a rifted-margin prism can be formed
( Mitchell and Reading, 1969) beside a marginal
sea [ Karig, 1971h; Packham and Falvey, 1971:
Moberly, 1972, It may be argued that the
pattern of parallel facies helts associated with
such a continental margin fringed by migratory
intraoceanic arcs lying offshore faithiully re
produces the classic mingeosyncline-eugeosyn-
cline couple, Tf so, extrems hotizontal motions
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of lithosphere mayv be unnecessary assumptions
to explain the juxtapesition of diverse terranes
within orogenic belts, The rilted continental
margin on the inrer side of the interarc hasin is
mterpreted then as the miogecsynclinal b
whereas the adjacent inlterarc basin, the off-
shore island are, and the open ocean beyond
together represent the complex tectomic ele-
ments of the eogeosynchnal belt, Although at-
tractive, the analogy harbors a potential fal-
lacy, Only if the substratom beneath the s
posed  micgeocling]  wedse  includes  igneous
roecks representing part of the geologic record

of the earlier stages of are evolution prior to
are migration can the analogy be defended in
detail. Az most miogeoclinal wedges appear 1o
rest an truncated continental bazement consider-
ghly older than the lmse of the misgeoclinal
wedge, this logical requirement of the analagy
does not appear to be met in typical orogenic
belts

Ketroare basing.—The sedimentary record of
retroare basing  includes fluvial, deltaic, and
marine strata as much as 5 km thick deposited
m terrestrial lowlands and epicontinental seas
along elengate pericratonic belts between con-
finental margin ares and cratons. Where the
magmatic arcs stand along continental margins
that have grown seaward by tectonic accretion,
some retroare hasing may be successor baszing in
the sense of resting upon previously deformed
terranies,  Sediment dizpersal into and  across
refroare basing is mainly tranverse, inoa gross
sense, from highlands on the toward the
magmatic are, although contributions from the
craton are also present. The deposits of retroare
basins are thus exogeosynclinal in EE1EE
that debris iz ghed toward the craton from
sources within marginal orogemec heles,

The sources of sediment = the
magimatic pringipal
sources are uplifted strata in the Told-thrust bell
formed by partial subduction behind the arc
Steh was the case for the Cretaceous relroare

the

mnchude

s atself, but commonly t

bazin of the interior and Rocky Mountain re-
gion of North America (Weimer, 19703, The

main highland sources were uplands of folied
and faulted pre-Mesozaic strata lving just west
oi the retroare hasin, Lot 2411l east of the batho
lith belt that marks the position of the associ-
ated magmatic arc (Hamilton, 1969), Part of
the subsidence in retroarc basing is prolably in
response to flexure of the lithosphere or other
isostatic adjustmentz indoced by the tectonic
lrzd of thrust sheets in the adjacent foreland
fold-thrust belt (Price and Mountjoy, 1971).
As the retroars hasin evolved, contractional de-
formation disrupted picdmont facics along the

highland flank of the basin, and ultimately
crumpled the flank of the basin fill witl

fan B
fold-thrust belt (Armstrong, 19682%, Where the
main sources of sediment are thus in the fold-
thrast Lelt behind the are, rather than within
the magmatic are, the nature of the sources de-
pends upon the previeus history of the con
Linentzl margin, Where the magmatic arc arises
following the initiation of plate consumption
along & previously inactive continental margin
draped with a rifted-margin prism, the sources
are apt to be uplifted miogeociinal strata.

The fold-thrust helts that parallel the oro-
genie margin of retroarc basins thus may be
described comtmonly as foreland throst belts
(Coney, 19733, In thiz szense, the foreland s
1 the cratonal or platformal interior of the
continent, and the foreland hasin iz a retroarc
basin. However, foreland hasing in this same
setting with respect to the continental interior
may form as a result of crustal collisions in
which a rifted continental margin with its
rifted-margin prism encounters the main sub-
duction zone associated with the tremch of an
arc-trench system. The designation of the fare-
land can thus be ambiguons with respect to the
polarity of the arc-french system responsibie
for the orogenic belt. So long as parts of a
rifted-margin prism are thrust back toward the
continental interior, and s pericratonic fringe
of continental basement is drawn down by
partial subduction to form an clongate basin
parallel to the fold-thrust belt, the concept of a
foreland to the orogemic belt 15 appropriate.
Faoreland basins formed by partial subduction
nf continentzl marging during crastal eollisions
are here termed peripheral basing az discuszsed
in the next scetion, Designation of a given
foreland basin as either a retroarc hasin or a
peripheral hasin thus depends vpen a knowl-
edge of the sequence and timing of tectonic
events in the adjacent orogen.

Sufure Belfs

The term suture bLelt 15 used here for the
complexly deformed joins along which crustal
Wacks are welded together by the crustal colli-
sions that ccour when Lthosphers bearing thick
cristal blocks reaches a subduction zone along
a eonvergent plate juncture where aceanic litha-
sphere was previously being consumed (fig, 11).
Crustal collisions include a variety of types in-
voelving hoth intracceanic and continental mar-
gin arc-trench systems {Dickinzon, 1971c). In
all ecases, crustal collision invelves juxtaposi-
tion of the tectonic elements of an are-trench
system, together with its variety of sedimentary
basing, against other crustal blocks across the
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Bz 11 —Idealized dizgrams to illustrate hypotheti-
cal sequence of events, and associated sedimentary
basing  {stippled), during crustal collision hetween
rifted continemtal margin (see fie. 71 on left and con-
tinental margin are (see fg. 10BY on right: o, prior
to collision ; b, initisl collision: ¢, final suluring (ver-
tical exaggeration is 10}, Oceanic and qnasioceanic
ctust s crosshatched ) continental, quasicantinental,
and paracontinental subslratum is Jackstrawed. Sym-
bols: RMP, rifled-margin prism {horizontal rules) ;
ROB, remnant ocean hasin {sea level as dashed line
SC, subdustion complex (vertical rulesy ; FATR, fore-
arc hasing RAR, retroare basin; FTE, forcland Told-
thrust helts,

suture helt, Along a sutured join, deformed
sedimentary scquences that were deposited on
the ophiolitic basement of an open oceanic
basin or an-interarc basin can be caught he-
tween the sutured crostal blocks. Such sequences
commonly appear to view after suturing as tec-
tenically scrambled mélanges of ophiolitic seraps
and oceanic facies, Sueh satere-lelt mélanges
may not be visible within a sutore helt if the
extent of subduction during crustal collision was
sufficient to hide them beneath rocks of the
overriding plate. Clear evidence of the sutired
join may also be absent if contractional defor-
mation during collizsion is sufficient to squeeze
the suture-belt milanges upward to tectonic
levels that are later removed by erosion, These
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two cases of obscured sutute belts can be de-
seribed 2s hidden  sutures where telescoping
thrust sheets cover the suture and a3 CTVREIC S0-
tures where the materials caught in the suture
are pressed onl tectonically and lost by later
erosion (e.g., Dewey and Burke, 1973).

Suture bells contain deiormed examples of
all the various types of sedimentary sequences
dizgcnssed in conmection with oceanic basins,
tifted-margin prisms, and arc-trench systems.
In addition, sedimentary basing of a unigque
tvpe here termed peripheral bosing with strata
as Lhick as 5 km are also formed hy processes
related to collisiom (see fiz. 11}, As a continen-
tal erustal Llock is drawn toward 2 suhduction
zane just prior to erustal collision, hending of
the Ithosphere probally first causes extensional
frulting analogous to that seen on the oceanic
onter arch scaward of arc-trench systems. These
faults might offset the stvata of a rifted-margin
prism in a semse similar Lo that of the earlier
faults that were associated with continental
rifting or with growth faclting during deposi-
tion of the prism, Later in the progress of
crustal collision, the edge of the continental
black is depressed Ty partial subduction te form
a pericratonic or forcland Basin peripheral to
the suture belt on the plate being partly con-
sumed. As the process of subduction iz hraleed
by crustal collision, the subsidence in this
peripheral basin may be zucceeded by marled
uplift. A= the peripheral basin is dreained, a
phase of evaporite deposition could conceivably
ensue. The well-known sabhla deposition in
the Persian Gulf may be an example of such
deposition in a restricted seaw Ay remaining
along a belt parallel to the snture belt of the
Zagros Urush Zone in Tran (Wells, 1969).

Perhaps the most characleristic deposits of
peripheral basins are exopeosynclingl clastic
wedges spread toward the craton as fuvial and
deltaic strata shed from a suture bell involving
the continental margin (Graham and others, in
pressd. IE the peripheral baszin iz deep enough,
however, these deposits may bhe preceded by
turbidites deposited on depressed continental or
transitional crust, eather than oceanic crust
(W ML Nedll, personal commun, 19733, Paleo-
current trends in the elastic wedges may be
dominantly transverse to the orogenic frend,
whereas those in the turbidites may be dom-
inantly longituding] to the orogenic trend. Clas-
tic wedges of peripheral basing, as well as any
clastic wedpes shed toward the other side of
highlands zleng the suure belt, may thus be
termed maolasse in many cases. The turbidites
of peripheral basins, as well as the tuchidites of
oceamic basing or forcarc hasins caught within
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the suture belt, may thus he termed flvsch in
many cases.

The evelution of suture belts [orms an at-
tractive explanation, though not the only one,
for the tectonic relations of flysch and maolasse
{Graham and others, in preas). In general, any
completed  suture belt will represent the end
result of a sequential closure of a rempant
ocegnt basin ( Dickinson, 1972}, Only if the
shapes of colliding continental marging are mir-
ror mages of one another, and the vector of
the relative plate motion causing crustal colli-
sion is exactly as required, can crustal collisions
be synchronous along their whole length. Tn
the general case, extensive suture helts must be
diachronous in development as successive adjust-
ments in plate motions and houndaries allow
progressive welding of crustal blocks to proceed.
A tectonic transition point between the segment
already sutured (fig, Tlc) and the segment yet
to be sutured (Gg, 11a) will migrate along the
developing suture helt with $ime. Behind the
trapsition  point, orogenic highlands, clastic
wedges and Olled peripheral basins are charac-
teristic, Ahead of the transition peint, remnant
ocean floor and Incipient perigheral basins are
present, As the drainage of orogenic highlands
15 commonly longitudinal, much of the sediment
derived from the eollision orogen will not he
shed transversely as clastic wedges, bt will he
shed lomgitudinally into the rempant oceanic
basin and deepening peripheral basing along
tectonic strike. Many of the deposits that reflect
ernsion of the collision cregen thus will be in-
corporated later into the same orogenic belt as
the teclonic fransibion point migrates along the
growing suture belt. In this fashion, synorogenic
flvsch of turhidites with mainly longitudina]
paleocurrents and postorogenic molasse of clas-
tic wedges with largely transverse paleccurrents
may he seen as the natural result of erustal col-
ko form suture belts,

Intvacantinesial Bosing

Intraconlinental basins are the most difficult
type to lreat comstructively in terms of plate
tectonics if basins related to apparently intra-
continental orogenic belts like the Urals are ex-
cluded, Provided such orogenic terranes are in-
terpreted az suture belts {Hamilton, 19709, the
associated basins can be interpreted variously
in terms of former oceamie basins, rifted con-
tinental margins, arc-trench systems, and ool
lision arogens. Basins related to these kinds of
features include foreland basins of both retroare
and peripheral tvpes where the hasin fill i=
supracontinental in the zense of resting on con-
tinental crust ar on older rifted-margin prisms.

Nl

1~

Basins bounded on all sides by anorogenic
terranes forming a basement that is uniformly
older than the basin fill are the intracontinenta
ones difficult to explain using principles of plate
rectonics,  For  infracontinental  basing  (sec

above) the basement does not extend unmodi-
fied beneath the floor. Partial attenuation of
continental basement along an aborted rift that
never advanced heyond an incipient stage conld

lead to conditions permitting marked crust
snhgidence locally, especially under sedimentary
loading. Unfortunately, detection of transitional
crust hidden beneath an infracentinental hasin
depends upon geophysical observations, for the
basin A1 permanently masks the substratusn.
Presumably, infracontinental basins wonlkd
tend to he elongate in many cases, hat not nec-

g domal upliftz were distribated at intervals
aleng the belt of partial crustal attenuation, as
appears to be the pattern for early stages of
continental rifting, then crnstal thinning by
streteching and erosion might be concentrated
within relatively equant arcas, As a result, the
infracontinental basins that developed after
thermal tumescence gave way o thermal decay
might appear as apparently isolated and more or
less round features distributed apparently at
random across o continental block. The only
clue to their essentially common origin might be
a rough contemporaneity of development, The
initial stages of & major continental separation
may well involve extensive gashing of the
continental block, while still joined, over a
broad region that would lapse eventually into
quicscence except where the rifting was fully
established along & single trend. Dispersed in-
fracontinental basing might then remain as a
record of the widespread extent of incipient
rifting.

Alternatively, a fundamentally clonzate belt
of incipient continental separation might be
marked by a chain of isolated infracontinental
hasing linked only by intracontinental trans-
forms, Tf the transform segpments of the inte-
grated tcctonic system were masked by cover
rocks or later deformation, the fundamental
pattern might be difficult to detect by any means,
There seems an especially strong passibility that
successor basing might form along recently com-
pleted suture helts in this fashion as residoal
Plate motions were resolved into translation along
transforms roughly parallel to the suture belt

Mane of these specnlations touch upon the
possibility of long-lived supracontinental basins
with underpinnings of normal continental crust.
The motion of a plate of lithosphere over a
huempy asthenosphere accounts well only for re-
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versille  epeirogenic warping and temporary
subsidence. Note that this effect might affect
local arcas distributed in unpredictable fashion
over & continental block, Lut that any local and
termporary subsidence wonld oceur as part of a
wiave of shbsidence. The passage of the litho-
sphere over a bump or depression on top of the
asthenosphere thus might leave a sort of subtle
track in the stratigraphic record of any epicon-
tmental  seas covering a  continental  block.
Mechanisms  for  permanent  subsidence  of
supracontinental basins on o large scale in
truly infraplate settings are not apparent from
nlate-tectonic theory,

Sugnmary

The preceding tentative classification of sedi-
mentary hasing in a plate-tectonic framework
indicates that satisfactory alternatives to the
geosynelinal terminology can be devised, and
that points of correspondence Between the two
schemes of nomenclature can be appreciated,
The discussion al:o indicates that direct eguiv-
alency between individual terms in the two sets
cannat he expected. For example, engeosynclines
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apparently contain the strata of occeanic Lasing
intra-are hasing, and interarc basins az modified
by deformation in subduction complexes, mag}
matic arcs, and suture belts. On the other hand
rifted-margin prisms may include the superim-
posed atrata of taphrogessynclines, miogeosyvn
clines, and paraliageosvnelines. Fxogeosynelinal
foreland hasins may be either retroarc basing o
peripheral basins in the terminology sugoested,
Forearc hasins and aulacogens have Leen de-)
seribied by some as epieugeosynclines and zengo:
geosynelines, respectively, but others have applied!
different terms to analogous features and the
same terms Lo different kinds of features, Such)
discordances in terminology are to be expected
given the dramatic change in frame of refer-
ence. Whatever terminology is used, progress in
applying plate-tectonic theory to problems of
sedimentation can come easily only if sedi
mentary basing are classified and discussed ina
manner that is congruent with concepts of plafte
tectonics. In this paper, 1 have tried simply to
find phraseslogy that wonld convey meaning
now, without prejudice to cither past or future
EAEE,

REFERENCES CITED
ArmzrroNa, B Lo, 19083, Sevier orogenic belt in Wevada and Utah: Geol, Soe. America Bull, v 79, p. 420-
438,
-—— 19%3h, The Cordilleran miogessyncline in Nevada and Utah: Ulah Geel. and Mineralog. Snrvey
Bull, 78, 58 p.
Arwarer, Tanya, 1970, Implications of plate tectonics for the Cenozole toctonic evalution of western North
America: Geol, Soo. America Bull, v, 81, po 3313-3536,
Barey, IL. M, Braxe M. C, Te, awe Joxes, Do L, On-land Mesoroie crust in California Coast Ranges:
LS. Geol, Survey Prof, Paper 700-C, p. 70-81
Barer, B. H, Monx, P. A, avn Winrtams, Lo A T, 1972, Geology of the eastern tift svefem of Africas
Geol. Soe, America Special Paper 136, 67 o
Beroussov, V. V., 1970, Against the hypothesis of sea-floor spreading: Tectonophysics, v. 9, p, 480-311.
Bers, L C., Jowes, T T., axp Ricarer, D F1, 1972, Gravina-Nuotzotin beli—tectonic significance of an
upper Mesoraic sedimentary and voleanic sequence in southern and southeastern Alasla: 118, Geol,
Survey Prof, Paper 800-1, p. 1-24,
Brroes, W, H., 1973, Cenosowe sedimentation in the eastern tropical Pacifie: Geol. Soc. America Bull,
v, B4, p. 1941-1934.
Braxe, M. C, Jr, anp Lasms, O A, 1973 The Dun Mountain ultramatic belt—Permizn aceanic coust
ard wpper_mantle in New Zealand : Jour. Hesearch 105, Geol. Suevey, v, 1, po 5260-334.
Dosreon, K. C, 1971, Westward displacement of lithosphere: Nature, v. 234, n. 536-338,
Bruxxscawereer, R O, 1966, On the geology of the Indebuirman Ranges {Arakan Coast and Yoma, Chin
Hills, Naga Hills) - Jour. Geol. Soc, Australia, v. 13, p. 137-194,
Bueke, I C0 A, 1972, Longshare drift, submarine canyons, and submaring fans in development of Miger
delta: Am. Assoc. Potrolenm Geelogizts Bull, v. 36, p. 1975-1923,
———, aND Dewey, T F, 1972 Permobile, metastable, and plate-tectonic regirnes in the Precambrian: Geol
Soc. America Absteacts with Programs, v. 4, p, 462,
o Dessavvacie, T Fo 1, ann Worresmax, A, J., 1971, Opening of the Gulf of Guines and geological
history of the Benue Depression and Niger Delra: Nature Phys. Sl v, 233, n 51-35.
———, Kion, W, S. T, awo Wisow, J. T, 1973, Relative and latitndinal motion of Atlantie het spots:
Mature, v, 245, n. 133137, ;
—, A¥D Dewey, T F, 19735 An outline of Precambrian plate development, {8 Tarling, D H., and Bun-
corn, 5. K, Implications of continental drift to the carth sciences: Academic Press, N.Y, po 1035-1045
Crase, C G, 1972, The & plate problem of plate tectonics: Geaphye. Jour. Koy, Astron. Soc, v 29, p. 117-
122

C')NEY,IP. 1., 1970, Geotectonic cycle and the new global tectonics: Geol. Soc, America Bull, v, 81, p 736-
T4E,

———, 1971, Caordilleran tectonic transitions and motion of the Marth America plate: Nature, v 233, p. 462-
463,




=

FLATE TECTONICS AND SEDIMENTATION 25

—— 1972, Cordilleran tectonics and North American plate motion: Am. Jour. Sci., v 272, p. 603655,

———, 1973, Platc tectonics of marginal foreland thrust-fold helts: Geology, v, 1, p.o 131-134,

CroweLe, . C, axn Fraxes, L. A 1970, Phancrozeic glaciation and the canses of e ages: Am, Jour. Sei,
v. 208, p. 103-224,

Dewes, J. F., 1972, Plate tectonics: Seis American, May, p. 56-68,

, AanD Bire, 1 M, 1970, Mountain belts and the new global tectonics: Jour, Geophiys. Research, v, 75,

. 26232047,

p—, AND Brep, Jo M., 1970, Plate tectonics and gecsynelines: Tectonophwysics, v. 10, . G25-638.

coawn Burke, K. O AL 1973, Tihetan, Variscan, and Precambrian hasetaent reactivation : produets

of continental collision: Jour. Geology, v. 81, p. 683-602,

Dicxexson, Wo R, 1970, Relations of aidesites, granites, and derivative sandstones Lo arc-trench tectonics
Rev. Geophysics and Space Physics, v. &, . 515802,
— 1871a, Plate tectonic models of grosvoclines: Tarth and Planetary Sci Lettrs, v, 10, oo 105-174

—, 1971b, Plate tectonic models for orogeny at continental marging: Iature, v. 232, p. 4142,

——, 1971¢, Plate tectonics in gealogic history Scicnce, v, 174, p, 107-113.

—, 1972, Evidence for plate tectonic regimes in the rock record: A Jour, Sei, v. 272, b, 551-574.

——, 1873, Widths of madern arc-trench gaps proportional to past daration of lgneous activily in associnted
magmatic ares: Jour. Geophye Research, v, 78, p. 1376-1380,

v 1974, Sedimentation within and beside ancient and medern magmatic ares, ¢ Dott, B H., Jr., and

Shaver, . H. {eds.) : Soc. Feon, Paleontolopists and Mineralogists Special Pub. 19, p, 230-230,

Dierz, R S, 1963, Wave-base, marine profile of equilibrinm, and wave-built lerraces: o critical appraisal:
Geol. Soc., America Bull, v, 74, p. 07 1000,

Ex, 1., 1966, Miogeoclines in space and time: Tour, Gealomy, v, 74, 1. 566-583,
J. C, 1970, Reconstruction of Pangaea, hreakup and dispersion of continenls, Permian
Creaphys. Research, v, 73, p, 493040354,

— Hoteew, T C, ann Sexove, W, P, 1970, Geotectonice evelution and subsidence of Hahama platform:-

Geol. Soc. America Tull, v, 81, p. 1913-1028,

Dower, T1. AL 1971, Anstralian seismicity: I atnre FPhys, Sei, v, 234, p 174175

El&:\.ﬂi.ﬁipﬁzlz. W M., 1971, Sea-floor spreading =5 thermal convestion: Jour. Geophiys, Research, v. 76, n 1101
1112, ;

Ermsr, W 3, 1970, Teclonic contact hetween the Franciscan melange and the Great Walley sequence, crustzl
expression of alate Mesozoic Benloff zone LV A, . BRG-T02,

— 1'?'?'9'\2, Oecurrence and mineralogic evolution of blueschise belts with time: Am. Jour, Sel, v. 272 p,
57068,

Frawes, L. A, ang Keme, B M., 1972, Generation of sedimentary facies on a spreading acean ridg
V. 230, oo 114-117,

FramcuErEay, Jeax, axo LertcHON, Xav 1972, Marpinal fracture zones
continental margins in Scuth Atlantic Oeean: Ann, Aseo

Gramazs, 5. A, Dickinses, W, R, ann Iveresoir, R, V. in preez, Himalayom-F I madel for flysch dis-
versal in Appalachian-Ouachita svetem: Geol, Soe. America Boll

Grawpr, N. K., 1971, South Atlantic, Benve trough, snd Guif of Guinea Cretaceons triple junetion: Geol,
Soc. America Bull,| v, 82, p, 20032208,

Grow, J. AL, 1973, Crustal and opper mantle structure of the central Aleutian arc: iid, v, 84, p. 2160-2102,

Ham, C. K, awo Hegprera, T ], Jx, 1063, Role of Subandesn fault system In tectonics of eastern Pern
and Ecoador, & Childs, O, £ and Beehe, B, W (eds.), Backhone of the Americas: Am. Aseoe Poe-
trolenm Geologists Mem, 2, p.47-61,

Ham, W. E., axp Wrsow, J. L, 1967, Paleoxoic epeirogeny and orogeny in the central United States A
Jour. Sei,, v, 205, p. 332407

HaMmwrow, Wakres, 1999, Mesozeic California and the underlow of Pacilic mantle: Geol. Scc America
Bull., v, 80, p. 2400-2430.

—, 1970, The Uralides znd the motion of the Russion and Siherian platforms: {by

— 1U73, Teetonics of the Indonesian region: Geol, Sor Malaysia Bull. 6, p. 3-110.

S ) Eb:x'udl-ia']:n;: W B, 1966, Cenoroic tectonics of the western Umited Siafes- Fev. Geophysics, v, 4,
£ S-540,

Harvawn, W, B, 1971, Tectonic transpression in Caledonian Spitebergen: Geol. Mag,, v, 108, p. 27-42.

Heezexw, B O, anp 11 Co-avtsors, 1973, Diachronoos deposits, a kinematic interpretation of the post-
Turassic sedimentary sequence en the Pacific plate: Nature, v, 241, . 25-32,

Horemax, Pavr, Buexs, K. O Al anp Dewey, T, F, 1074, Aunlacogens and their gonetic relation to e
symelines, with n Proterosnic example from Great Slive Lake, Canada, n Dott, B, H., Jr., and Shaver,
K. H. {eds.) : Soc. Feon, Paleontologists and Mineralogists Special Pab. 19, P 38-53.

Hsw, B 1, 1968, Principles of melanzes and their bearing on the Franciscan-Knoxville problem: Geal, Soc
America Bull, v. 79, po 1063-1074,

e ,}ész. The concept of the geosynclioe, westerday and today : Leicester Lit. Philos. Soc. Trans, v 6,
o 2045,

Hurcuixsow, B, W, anp Frcers, (3 . 1972, Tectonic evolution in the southern Bed Sea and ils poszsibie
significance to older rifted continental margins: Geol, Soe. America Bull., v 83, p. 2080-3002.

Hywpwan, R D, 1972, Plate motions relative to the deep mantle and the develepment of sulduction zones-
Mature, v, 238, p. 263-265.

Isacxs, Brvaw, Ouver, Jack, awp Svios, 1., E., 1968, Seismology and the new global tectonics: Tz,
Geophys, Research, v. 73, p. 5835-5800,

Jares, D0 E 1971, Plale fectonic model for the evalution of the central Andes: Geol. Soc. America Bull,
v, B2, p 33252345,

to present: Jour,

0 Mature,

ag struclurzl framework of
Petroleum Geologists Ball, v, 36, p. 991-1007,

d, v. 81, p. 25532376




26 WILLTAM B DICKINSON

Toemsaw, J. (i, 1971

[ S263-3208,

Timing and ceordination of orogenic, epeirogenic, xnd enstatic cvents: fid

arw, In E, 1970, Ridges and bazins of the Tonga-Kermadee 1sland are systerm: Tour, Geopliys. ltemarré,i-
v, 75, oo 239-234, i
, 107 1a, Struclural history of the Martapa island are system: Geol, Sce. America Bull, v 82, p. 3310

4.

1971k, Crigin and development of marginal bazing in the western Pacific: Jour. Geaphys, Research)

V. I-"J . 2542-2501.

lJ.n . Bemmant arcs: Creol. Soc, America Ball, v

in |'|H 55, Crnstal acoretion in suehduction zones.

Kaxy, I\“[.ﬂisl:.-\r.l._ IQJ] Marth American geosynclines; Geol, America Mem, 48, 143 p

Fawg, P. B, 1909, The tectonics of Morth America—a dlwnvluu to aceompaiy the lecbonic map of Norhs

Auperica: 1S, Geol. Survey Prod. Paper 628, 94 p.

Raneorr, Leow, saNp Leeps, AL, 1372, Lithospheric momeota ad the decelerztion of the earth:
v, 237, P 9395,

LacHeExrRUucH, A, H, anp 'I'uur.'.l«s.l.':-n, G, A, 1972 Oceanie ridees and teansform [aelts: their
angles and resistance to plate motion: Earth amd Planetary Sei Lettrs, v 13, p. 116-122
laxpis, (. A, AND Hrsmor, 1. G, 1972, Plale tectonics and regional H["‘ll raphic-metamorphic relation
in the southern part of the New £ el e HYTIC line: Geol Soc. America Hnl] V. >:.3, . 2MRT- J?S‘

LE Bas, M. J., 1971, Per-alkaline voleanism, crustal swelling and rifting; Nature ]:'Iu.s Sei. 230, p.
LE Procrow, Xaviee, 1968, Sea-floor SJJI't'ar;"In.{r and continental drift: Tour. Geophiys, Research, v.

Inh1-30YR.
——, axn Fox, F. J., 1971,
ibed., v, 76, p. G20-G308,
AaND Haves, D E., 1971,
lanlic: s, v, r{:l . GEB3-6203,
Lowery, 1. 10, axp Gexix, . 1, 1972, Sea-Floor spreading and structural evalut
A a'".ﬁir:ll." Petroleam Geclogists Bull, v. 56, p. 247-239,
Mapkminin, E. K, 1‘3(\3 ‘ll'cﬂ s as 2n oagent of formalion of the
] B and }{"ut S The erast and npper mantle of the Pacihe 2
12 p. 4 3423
.‘.[.uu.ﬂ-.v, M. 5. mermown, LW
central Aleutian gre: Geol. Soc. America Bull, v, ‘5-4_ p | :
MeFLuiwsy, M.OW,, 1973, Palacomarnetism and plite te ambridge Upiv, Press, 358
MeKemzg, D B, 15-\_-.() ’leculﬂ wons on the conscouences amd canses of plite motions: Geophys, Jour. Bay
L . Soc, v 18, p 1-32,
Plate tectomics of the Mediterranean region
. Plate tectomics, in Robertzon, B C (ed),

83, e 10571068,

Matur)

intersectimg

73, |'l.

Marginal offsels, fracture gones, and the eacly openine of the North Atlantic

Margimal offscts, fracture zones, and the carly openings of the South Al

ion ol southern Red

res: Am. Geophys, Tnion Mo

Burrrxeron, E. D anp Aveaa, T, R, 1973, Tectonic histary of the
ul o

: Watare, v. 226, p. 230-243,
lIu: nature of the =alid earth

MeGrw-Hitl, WY

R ’b Active tectonics of
185,
——, axn Morcan, W, 1.,
. anp Parkes, E. L,
p. 1E76-1280,
Mermarn, FLOW., 19734, Depth ancmalies and the holbing metion of drifting 12lands: Jour, Geophys, Reseanch
v, FH, p G12R-51348.
1973h, Tpoirogeny and plale tectonics: Am, Geaphys. Union Trans. (LE05)
MEYERHOFE, AL, At MeEvERTIORR, [i. AL, 1972 “The new global tectomics": ni
Assorn, Petr a1r~1 m Geologizts Bull, v 56, po 260-330.
MrrcneLn, A, H., ano Reaminag, H C' 1949, Continental marging, geosvnclines, and ooean-fGoor spresding
Jeur. fa{‘{ﬂ.UL_.-,‘. 7. {qu f]4{'l
MovenLy, Ratpi, 1972, Origin of lithosphere behind islnd
Genl, Sor, America Mem. 132, . 33-55.

the Mediterranean région: Geophys, Joun Bov, Astron, Soc, v, 30, p 102
1009, Ew

alution of triple junctions: Mature, v, 224, p 1253-133
1057,

. The Narth Pacihe, an example of tectonics on a sphere: Science, v 215

Lo B 1244125

jor meonsistencies: Am

arcs, with reference o the western Pacifio

Mannaw, PrETER, anp Armwatkr, Tawya, 1973, Relative motion of hot spots i the mantle: Nature, v 246
- 2BR-291. i : : .
Moore, [L G, 1673, Plate-edge deformation snd erustal growth, Guli of Californin structurad proviong:
Geal, Soc. Am rLTiul] v. 84, . 1BR3-1%06, - R
Moore, G, W, 1973, Westward tidal lag as the driving foree of plate tectonics: Geology, v. 1, p, 99-100.
Moore, [. C., 1073, Cretaceons continental margin etﬂnrmﬁfmn sonthwestern ";l’u‘:.]u ool Soe. Americ

Gnlll, v. B4, p. 595614,

o, W _| 1068, Rises, trenches, great
1*",:-9 1982, ;
— 1872, Plate motioms and deep mantle plumes: Geol. Soc. America Mom. 132, p. 7-22.

MuraucHr, 'S, amp 12 Co-aUTHoRS, 1968, Crustal structure of the Philippine Sca: Jonr.
v. 73, p 3143-3172.

Mom; faults, and crustal blocks: Jour. Geaphys. Kesearch, v. 73 p

Geophye, Hes,

PackmaM, (i H., anp Fawey, Do A, 1971, An bypotbesis for the formation of marginal seas in the westen
Pacific: T(!(ZH}EI(J]J]I}':‘EiL‘S. v, 11, p. 79-109,

HCHAOMN, Woavier, 1970, Continnous deep sea zall laver along Naort

tare, v, 227, p. 351354,

Pavror, Guy, Auvzexoe, J-M., awe Les
Atlantic marging rel; al:VI tnr..-u'l} phasze of rifting: Na
Price, L. A, awp Mouwjoy, E W, 1971,
Canadian Rockies: Geol. Soc. America Abstracts with Programs, v.
Revwenr, B AL, 1072, The age of the Niger delta (\West Africa): 24th
g 1113

3 o 404405,

[nternat, Geol. Cong. Roepl., Sec 6

earth's crusl, i Koopoll, Leon, 1'}|'.'-.1:[~,;'

The L,-;nch-]ppn foreland 1u"||:,r and fold belt i the southernd




3

PLATE TECTONICS AND SEDIMENTATION 27

= Roocers, Jou, 1'-3'I§§, The eastern edge of the North American continent during the Cambrian aul Farly

i Ordovician, # Zen, T-An, and White, W. 5. (eds), Studies of Appalachian geclopy, northern and
maritime: Wiley Interscience, NJY ., p. 141-149.

Romax, Cowstaxiin, 1973, Buffer plates where continents collide: New Scientist, 23 Jan, p. 180181,

33 ——, 1973h, Rigid plates, bulfer plates, and subplates: Geophys. Jour. Rov. Astron. Sac., v, 33, po 360-373

i Rowa, P A 1903, Relations between rates of sediment accumulation en continental shelves, sea-Boor spread-

i”% and eustacy inferred from the central Nocth Atlantic: Geel, Soe, America Bull, v. 84, p. 28512871,

i Ross, I A, 1971, Sediments of the northern Middle America trench : ehidd, v. B2, p. A03-322

Sator, L. I, AWp SCHEINMANN, Y. 196%, Tectonie hastory and stroctures of platfonms and shields-
Tectonophysics, v, 7, p. 363-397,

Scrneier, E, D, 1972, Sedimentary evolution of rifted continental margins: Geol, Soc. Amer
132, p. 109-118.

i Mem.

il Soiavee, | G, avp Fraxcuereau, [Eax, 1970, The implications of tecrestrial heat Sow observations on eur-
= rent tectonic and geochemical medels of the crust and upper mantle of the earth: Genphys, Tour, Foy,
HLE o, Soc, v 20 p. 500-542,

o Sceater, [. G, Awpersow, B N, awp Beon, M. L., 1971, Elevation of ridees and cvelution of 1he central

- Pacific: Jour, Geophys. Rescearch, v, 76, 1 788879135, )

S sceutron, R AL 1973 The age relaticnship of igneonus aetivity and continental break-up: Geol Mag, . 110,
s p. 227234, :

Suor, G (7, Jr, Kok, H. K, awe Mesasn, H, W, 1971, Crastal stracture of the Melanesionn aren Jour,

o
B, Geophys. Research, v. 76, p. 2562-2584, _ )

. smver, Eo AL 1969 Late Cenozoic underthrusting of the continental margin aff northernmost Caliloria
L Science, v, 166, p. 1265-1266,

Suegp, M. H., 1971, Thermal elfects on the formation of Atlantic continental marging by continental breakup
Geephys. Jour. Rov, Astron. Soc., v. 24, p, 325 JE0.
SowwemeErs, F, P, 1963, Bolivia and the Andes, i Childs, 0. ., and Beebe, B, W, (eds), Backbone of the

! Americas: A, Assoc Petraleum Geologists Mem. 2, p. 36-36.
ik Srewarr, T -H., 1972, Teitial deposits in the Cordillerzn gecsyncline, evidence of a lale Precambrian con-
fo _ tinental separation: Geol. Soe. America Tull, v, 83, p. 13431360, : i ; : £ T
S Suerg, Jomx, 1972, Interrelationships of -pressure metamorphism, deformation, and sedimentation in
o Franciscan tectondes, [LS.AL 24th Intevnat, Geol. Cong. Rept, Sec, 3, p, 552-550, :
e Svres, L. R, 1970, Seismicity of the lodian Ocean and g possible naseent island are betwesn Ceylon and
b Amstralia: Jour Geophys, Research, v, 73, 1 3041-5055.

Tarwaxy, Mawix, axp Evoiony, Orav, 1972, Cantinental margin off Morway; a meaphysical studyv: Geal,

i, See. America Tl v, 83, p. 2375-3606,

Turcorre, D T, ame Oxpuec, R, 1993, Mid-plate tectonics: Wature, v, 244, p. 3A7-330

V IE, SLI- W, are Meokss, T M., 1972, Glabal tectonics and the fossil record: Tour. Gealogy, v. 80
=184,

CToann Moowes, B M 1972, A model for the gross structure, petrolegy, and magnetic properties
1o of aceanic crnst: Geel. Sae. America Mem. 132, p, 195-203. ) _

g vor HUENE, Rorawn, 1972, Strocture of the continental margin awmd tectonism st the eastern Alentizn trench
Creol. Soc. America Buall, v, 83, p. 361310206, N
Warncorr, R T, 172, Gravity, flexure, and the growth of scdimentary basing at o continental edge: ¢bid,

v. 83, p. 18451848

o Wianiess, H. R, amn Sueeann, 1715, 1036, Sen level and climatic changes related to lale Paleceaic cveles:
ibid. v 47, p. 1177-1206.
P s I2 diml

Weles, AL T, 1963 The crush zane of the lraniac Zagros Mountains, and its Implications: Geol. Mag,
. v 106, p. 385-30d. o _ _ L ,
e WenMER, I [, 1970, Rates of deltaic sedimentation and intrabazin deformation, Upper Cretacesus of Rocky
" Mountain region, dw Morgan, J. P, (ed), Deltaic sedimentation, modern and ancient: Soc. Eeon,
Prleontologists and Mineralogists Special Pub, 13, p. 270-202, y ?
e Weire, DL AL Roeser, D1 B, Nevsow, T, H., awp Crowse, [ O, 1970, Subduetion: Geol Soc. America

~ Bull, v. 81, p 3431-3432.

I Winsow, 1. T, 1965, A new class of faulis and their hearing on continentz] drife; Wature, v, 207, po Ha-347.
o ——, 197} Mantle plumes and platé motions: Tectonophysics, v 19 p. 149-164.

A Burkr, K. C, A, 1972, Two tvpes of mountain building: MNature, v, 239, p, 448140

Wise, T UL, 1972, Frechoard of continents thraugh time: Geol, Soc. America Mem. 132, p 87-100






