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ABSTRACT

Plate 1interactions along both the Cordilleran
and Ouachitan margins of the craton have affected
the southern Cordillera at the southwest corner of
the continent. Proterozoic orogenic terranes of
the transcontinental arch form a prong of
Precambrian basement that extends across the region
into the circum-Pacific orogenic belt., Rifts that
delineated latest Precambrian to early Paleozoic
passive continental margins along both flanks of
the continent connected somehow a&around or ascross
this Precambrian prong.

Probable arc-continent collisions along the
Cordilleran belt during the Devono-Mississippian
Antler orogeny and the Permo-Triassic Sonoma
orogeny apparently affected the Mojave region arnd
perhaps Sonora as well as Nevada. In Nevada, a
continuous Antler foreland basin developed parallel
to the Roberts Mountains allochthon, but the Sonoma
foreland region was more fragmented adjacent to the
Golconda allochthon. Cordilleran subduction
beneath the continent as part of the circum-Pacific
orogenic belt was initiated in Jura-Triassic time
by arc reversal following the Sonoma event.

Probable continent-continent collision during
the Permo-Carboniferous Ouachita orogeny sutured
parts of Gondwana including Yucatan to the southern
edge of the continent. Coordinate fintracontinental
deformation induced by the collision orogeny formed
the Ancestral Rockies uplifts and basins. Foreland
basins of the late Paleozoic Ouachita belt included
reactivated early Paleozoic aulacogens affected by
wrench tectonics during the Ouachita orogeny.

Jurassic rifting and opening of the Gulf of
Mexico probably was associated with thermotectonic
uplift of the Mogollon highlands in Arizona and
eastward, and was succeeded by the subsidence of
Jura-Cretaceous rift troughs extending northwest as
far as Arizona. Coordinate sinistral displacement
of older terranes probably occurred along the

Mo jave-Sonora megashear. .

Migratory late Mesozoic and early Cenozoic
pulses of circum-Pacific magmatism and deformation
were controlled by subduction of oceanic plates at
varying angles of descent beneath the continent,
and by accretion of exotic crustal blocks to the
Cordilleran margin. An eastward sweep of arc
magmatism and associated retroarc tectonism during
Laramide time was followed by a westward sweep
accompanied by complex extensional tectonics during
wid-Cenozoic time. Late Cenozoic growth of the San
Andreas transform system along . the coast
progressively extinguished arc magmatism, opened
the Gulf of California, and triggered a coamplex
regime of block faulting and basaltic volcanism
farther inland.

13

INTRODUCTION

The geologic evolution of the southern
Cordillera has been 1influenced throughout the
Phanerozoic by plate interactions along _both the
Cardjlleran_and Ouachitan_margins of the North
American craton. Evolving tectonic elements have
thus belonged partly to the circum-Pacific orogenic
belt, or to preceding paleo-Pacific tectonic
systems, and partly to the Caribbean region of the
Atlantic realm, or to preceding Hercynian
tectonics. In this respect, tectonic analvsis of
the southern Cordillera. is inherently more complex
than comparable analysis of the northerm Cordillera
or the Appalachian region. In those areas, only
one margin of the continent is involved, and past

plate 1interactions of either the Pacific or
Atlantic worlds are the only ones of direct
concern. The region of dual influence in the

southern Cordillera extends from Wyoming to cemtral
Mexico, but the areas most affected have been the
states of Arizona and New Mexico unorth of the
border, and those of Sonora and Chihuahua south of
the border.

Only an overview of the plate tectonic
evolution of the southern Cordillera 1is presented

here. Similar but much shorter summaries have been
given by Coney (1978a), and by Woodward end
Ingersoll (1979). Emphasis 1is placed wupon

inferences about the nature of plate interactions
through time along the nearby continental margins,
and upon the apparent relations in space and time
between those interactions and tectonic events
within the southern Cordillera. General {deas
about the possible genetic associations of the tws
sets of phenomena are also explored briefly.
However, no attempt 1s made to reach definitive
conclusions about the nature of various geodynamic
linkages between the peripheral plate interactions
and internal structural deformation within the
southern Cordillera.

Paleotectonic maps were drawn without any
palinspastic restoration using the wmap of King
(1969) as a base. The disadvantage of thus showing
past tectonic elements incorrectly in space 1is
outweighed here by the advantage that each tectonic
element shown can be identified correctly im terms
of present ge'qgraphy. Moreover, many unresolved
questions are - thereby avoided. These include
principally the amount of <c¢rustal extension
involved 1in the Basin-and-Range province, the
amount of crustal contraction or telescoping
involved in Cordilleran thrust systems, and the
amount of *orsional warping or tectonic rotation
experienced Ly coastal domains and offshore islands
(Beck, 1980). -

The paleotectonic. maps include many features
and concepts presented and discussed previously

-—Tzw 2o 87



VLN i Ak awae

elsevhere (Craham and others, 1975; Dickinson,
1976, 1977, 1979; Dickinson and Seely, 1979;
Dickinson and Snyder, 1978, 1979a, 1979b; Dickinson
and others, 1979 Keith and. Dickinson, 1979;
Dickinson and Coney, 1980). Other 1ideas
incorporated in the maps have arisen from
discussions and fleld trips with many geologists in
the southwest (see acknowledgments for partial
list). Key depositional patterns that are depicted
in generalized form were adapted from Cram (1971),
Mallory (1972), or Cook and Bally (1975).

The captions of the six paleotectonic maps
(see bdelow) provide a thumbnail description of the
succession of geologic sgettings through which the
southern Cordillera passed during .the
Phanerozoic. The following text expands wupon
selected topics with emphasis upon features and
concepts that are not clear from the map
relations, Tectonic interpretations rely heavily
upon concepts advanced initially by Hamilton
(1969), Coney (1971, 1972), and various others. 1In
this paper, however, specific citations generally
are wmade by preference to the most recent
literature that incorporates the latest information
bearing upon each topic. No slight of earlier work
is intended by this procedure.

TRANSFORM AND PALEOTRANSFORM OFFSETS

On each paleotectonic wmap, dotted 1lines
indicate the 1locations of the main dextral
transform strands of the Cenozoic San Andreas fault
systen, and the main sinistral transform strands of
the Mesozoic Mo jave-Sonora uwegashear system. In
each case, older tectonic trends are offset now
along these dotted lines, whereas younger tectonic
trends are superimposed across them. To achieve a
proper view of relations prior to offset, the
displaced trends must be restored wentally to their
positions of initial juxtaposition. Strands of the
tvo transform systems with different’ ages and
senses of motiom lace partly through the same
region 1in southern California, where original

locations of displaced tectonic trends are thus

especilally difficult to establish.

The general geometry of the San Andreas
transform system 1s well known, ‘although many
details of its history remain uanclear. It came

into being as the Pacific -American plate boundary
when the Pacific-Farallon ridge was drawn into the
Farallon-American crench during Late Oligocene
time. Key fault strands that have accommodated
significant proportions of the net dextral slip
between the Pacific and American plates during the
Neogene include: (a) the San Andreas fault proper
and its San Gabriel branch (Crowell, 1975), (b) the
.San Gregorio-Hosgri fault trend along the central
California coast (Graham and Dickinson, 1978a, b),
(c) a fault between the inner and outer continental
borderlands off southern California (Crouch, 1979),
and (d) the Tosco-Abreojos fault near the shelf
edge off Baja California (Spencer and Normark,
1979).

The Mo jave~-Sonora megashear 1s a more
controversial feature whose location is imprecise
or quite uncertain in many areas, and whose very
existence is still doubted by many. = It was
inferred originally to explain the distribution of

contrasting Precambrian plutonic terranes whose
juxtaposition seemingly requires fault offsets
across southeastern California, southwestern
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Arizona, and northu.:stern Sonora (Stlver agng
Anderson, 1974). Certain puzzling aspects of the
distribution of overlying Paleozoic ‘and Mesozofc
sedimentary sequences in the same region are also
tentatively resolved by the megashear hypothesis

> (Anderson and Silver, 1979). Farther east, there
is a curiously sharp Jog or discontinuity in the
trend of the Ouachita system within Mexico (Flawn
and others, 1961, P.99-106). This anomalous
feature also can be explained by fault offset {f
the sinistral megashear trend is extended to the
southeast through the Torreon region toward the
Gulf of Mexico.

The presumed course of the Mo jave-Sonora
megashear across Mexico provides a coherent and
nuch-needed kinematfc mechanism to resolve two
outstanding problems of Caribbean plate tectonics
(Dickinson and Coney, 1980): (a) the means by
which Yucatan withdrew from Texas to form the
oceanic region in the central Gulf of Mexico during
the Jurassic, and (b) the means by which crustal
overlap between southern Mexico and northwestern
South America can be avoided for reconstructions of
Triassic Pangaea (see also Silver and Anderson,

1974; vVan der Voo and others, 1976; Coney,
1978a). The megashear trend is approximately
parallel to the calculated vector of relative

motion between North and South America during their

initial separation in mid-Mesozoic time (Ladd,
1976). While the megashear was active as a
paleotransform, Yucatan and southern Mexico thus

moved coupled with South America as the Gulf of
Mexico opened; when Yucatan and southern Mexico
were later coupled to North America, countinued
motion of South America then opened the Caribbean
roceanic region beyond Yucatan (see Fig. 1).

The ‘presumed offset of the Ouachita frout and
the width of the Gulf of Mexico require 750-850 kn
of net aggregate slip along the Mo jave-Sonora
megashear system. However, the outcrop - pattern of
Paleozoic rocks in the Mo jave region of California

implies that the megashear split into at least two

Astrands northwest of Sonora. Exposures in the El
Paso Mountains beside the Garlock Fault suggest
that a subordinate strand with total offset of
perhaps 250-350 km passed along the eastern side of
the Mojave block and northward along the trend of
the modern Sierra Nevada (Poole and Christiansen,

=~1980). The nature of Paleozoic strata farther west

- (Stewart and Poole, 1975) indicate that the main
‘strand or strands with about 500 ka2 of additlonal
displacement passed west of the Mojave block.
Later dextral movements within the younger San
Andreas system were subparallel.to this latter path
of the main megashear, and make sure recognition of
the earlier sinistral movements difficult at best,

Acceptance of the Mojave-Sonora megashear as a
significant tectonic feature renders inadequate
most previous discussions of the tectonic history
and plate tectonics of the southern Cordillera (cf.
Davis and others, 1978).
of the megashear concept obviates the necessity to
infer an early Mesozoic rift event or dextral
Mesozoic truncation of the continental block to
account for the abrupt termination of Paleozoic

tectonic trends 1in central California (e.g.,
Burchfiel and Davis, 1972, 197s5; Schweickert,
1976a).

For example, acceptance);
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suspect terranes accreted by mid-Triassic tinme;
relations uncertain in queried area between Yucatan
and Florida. Map B: active plate boundaries
during opening of Gulf of Mexico by seafloor
spreading between mid-Early and mid-Late Jurassic
time; spreading systems schematic; circum-~Pacific
| AFRICA (Cordilleran) subduction zone and M»>jave-Sonora -
'? megashear (paleotransform) intersect at unstable
Qp \ triple junction analogous geometrically to modern
o \ Cocos-American~-Caribbean triple junction where
v

\ Cayman transform meets Middle America trench
/\\ between Mexico and Central America. Map C:
- ~ relations after spreading ceased within Gulf of
N\ Mexico as South America continued to separate from
North America; subsequent offset of nuclear Central
P T ’
fA%NUCLEARX / AfAOELI;I:;A America with respect to Mexico and Yucatan occurred
;:;.,CENTRALMA;A / by Cenozoic movement along Cayman transform trend.
SO YRR iy (A) PERMO-TRIASSIC LATEST PRECAMBRIAN AND EARLY TO MIDDLE

PALEQOZ0IC
NORTH AMERICA 4'/\°~Mv~ For most of the Precambrian, the plate
tectonic environments of the southern Cordillera
have not been delineated in detail. Extensive

Proterozoic terranes include voluminnus granitic
batholiths, . widespread calc-alkalic volcanics and

MOJAVE-SONORA -assoclated metamorphic belts. These lithotectonic

F M
MEGASHEAR W O/A E*’Oo associations suggest that processes related to-
A Ny subduction were prevalent during petrogenesis
S‘{:{/;\ii\‘) (Shafiqullah and others, 1980). Local platform
_j(':;:" cover of less deformed sedimentary strata implies
o M;/‘ that Precambrian orogenesis formed a stable block
S’ D of continental character. By late in the
»:] 060' o e AN D Proterozoic, the construction and assembly of
N v e e crustal blocks had led to the formation of a
25 / SOUTH supercontinent within which the North American
-:‘_mmﬁ:&,»\\___,’/ . craton was imbedded (Stewart, 1976). Rifting and
povs M)‘o AMERICA subsequent continental drift in the latest
= CENTRAL UL / Precambrian and early in the Paleozoic carved out
gAMERICAx‘;ﬁfB‘@.\ * ‘/ (B) MID-JURASSIC the North American continental block, whose
— —_ subsequent history can be followed in more detail.
~a— /5N
2 NORTH AMERICA 4:”: The rifted continental margins of interest
/’,:,:’; here were those along the Cordilleran and OQuachitan
Wl Joq flanks of the craton (see Fig. 2), The exact time
EXTINCT oo of rifting is not known with certainty in either
MOJAVE-SONORA g vt case. Within the Cordilleran miogeocline, which
MEGASHEAR - x,‘:‘:ﬁ was the continental terrace deposited upon the
/ — (o \:r?,"f, rifted Cordilleran margin, an unbroken record of
/féﬁfh\ 2 \’;';s;:_: sedimentation certainly extends back into the
sl m 07 czm - Precambrian. However, subsidence rates through
I:; ~OFZX :‘\A\ Yoo time suggest, by analogy with relations along
\ ,____J*MEXI?/ ﬁk‘z,m modern passive continental margins, that rifting
) \MA/ Ny L’:ﬁrfch"“,.,- occurred and deposition began in latest Precambrian
::CALIF.;‘:,‘J\\&\ TS g AP koo time between 600 and 650 my BP (Stewart and Suczek,
j\"‘“moo ~ -k\)(‘ /Af\)““sﬁf;‘:‘m 1977). On the OQuachitan margin, volcanic rocks
\:AAMM-«% \\ ,/x“i::",.:f"“‘: that form the floor of the Anadarko—Ardmore
MAA ~an Anaa A ~ e LA I aulacogen, and thus roughly date the rift event,
ZNUCLEAR =9\ IAvoreotvanieosssd were erupted from 500 to 525 my BP in about Late

Anan Cambrian time (Ham and others, 1964; Burke and

2 CENTRALS 2K I
< e (C) EARLY others, 1969).

STAMERICA s N 9 LU CRETACEOUS -

s CALAAL N A A A A A

Throughout the early Paleozoic, passive

Figure 1. Sketch maps to illustrate relationship subsidence of both the Cordilleran and Ouachitan
of paleotransform movement on Mo jave-Sonora margins allowed conformable, or at least
megashear to opening of Gulf of Mexico by Jurassic concordant, successions of shelf sediments to
seafloor spreading (after Dickinson and Coney, accumulate across broad ©belts flanking the
1980); oceanic regions stippled and contimental craton. On the Cordi{lleran margin, a tract of thin
blocks blank; Yucatan includes Campeche Bank; platform cover passed westward across a hinge line
Florida includes surrounding shelves, banks and into a wedge of miogeoclinal strata that thickened
plateaus. Map A: configuration ~of Pangaea markedly westward. If such a feature were ever
assembly following Permo-Carboniferous suturing of present along the Ouachitan margin, its location
Gondwana to Laurasia along Appalachian and Ouachita and nature have been obscured by later
segments of Hercynian orogenic belt; Permo-Triassic underthrusting beneath the Ouvachita orogenic
Sonoma -orogen along Cordilleran margin includes system. On Figure 2, the seaward margin of the
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THRUST
FRONT

T et - |
KILOMETERS
Figure 2. 'Paleotectonic map ‘of southera Cordillera,

Pennsylvanian boundary)

front of
allochthon.

On Ouachitan margin,
rifting of continental block inland from prominent re-ent
in subsurface.

time,

edge inferred from extent of Ouachita system

625~325 myBP.
transcontinental arch of Precambrian basement formed 600-
Cambrian) in Ouachitan region.
continental margin from latest Precambrian to latest Devonian ( 350 myBP) time.
of gradation between miogeolinal wedge and thinner platform succession towards c
plate riding over seaward margin of miogeocline is Roberts Mountains allochthon,
oceanic strata emplaced during Antler orogeny near end of Devonian time.

thrust complex in Nevada by depression of miogeoclinal terr
Anadarko-Ardmore aulaco

Rifted continental margins
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latest Precambrian to mid-Carboniferous (Mississippian-

to northwest and southeast of

W

650 myBP in Cordilleran region and 500-525 myBP (Late
Cordilleran miogeocline is continental terrace sequence deposited
asatch hinge line marks zoane
ontinental interior.
a subduction complex of mainly
Deep Antler foreland basin formed in
ace under the load of the nearby
gen and Tobosa basin formed by Cambrian incipient
rants in rifted continental margin,
Relations in Mojave region and Mexico interpretive.

along passive

Thrust

Ouachita shelf
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platforn 1s taken to have been a shelf edge located
now beneath the younger Ouacliita allochthon.

Betwéen the Cordilleran and Ouachitan margins,
-he' transcontinental arch formed a projection of
Precambrian basement that extended southwest from
the core of the craton. This prong of Precambrian
basement reaches across what is now the southern
Cordillera into the heart of the circum-Pacific
orogenic belt. 1In southern California, Precambrian
basement rocks extend nearly to the shores of the
Pacific. There 1s thus reason to wonder whether
North America wmay once have extended some
indeterminate distance to the southwest before a
post-Paleozoic rifc episode truncated the
continental block, Flgure 2 1indicates that such
was probably not the case. The general continuity
of the belt of lower Paleozoic shelf and platform
sediments, from Texas west across Arizonz, suggests
that the Cordflleran and Ouachitan rifted margins
were connected around the end of the
transcontinental arch. However, the complexity of
tectonic overprints in Arizona (e.g., Peirce,
1976), and the paucity of data on the Faleozoic of
Hexico (e.g., Lopez-Ramos, 1969) makes the nature
of the connection still uncertain.

Near the end of Devonian time, the Antler
orogeny - along the Cordilleran margin deformed the
outer flank of the miogeocline 1in Nevada, and
thrust the Roberts Mountains allochthoa of
generally oceanic facies above the mlogeoclinal
strata from west to east. The allochthon contains
abundant argillfte, chert, and greenstone inferred
to rtepresent slices of oceanic crust. Associated
quartzites probably are chiefly seafloor
turbidites, but also include slope deposits, and

>ssibly some shelf sediments as well. Emplacement

tectonic load that depressed the edge of the
continental block. Consequently, a deep forelind
basin developed on top of the remaining undeformed
portion of the =miogeocline lying east of the thrnst
front, During Mississippfan time, this Antler
foreland basin ‘was filled progressively by
turbidite fans and deltaic complexes that were shed
eastward from highlands within the allochthon along

the orogenic flank of the basin (Harbaugh and
Dickinson, 1981). The eastern flank of the
foreland basin was marked by the fronts of
Mississipplan carbonate platforms that prograded

westward from the margin of the craton (Rose,

1976).

Various hypotheses have been entertained for
the plate tectonic setting of the Antler orogeny in
Nevada (Nilsen and Stewart, 1980). Perhaps the
most straightforward interpretation is the
hypothesis of arc-continent collision (Dickinson,

1977). The overthrust allochthon 1is then
interpreted as the subduction complex of an
arriving arc-trench system, beneath which the

miogeoclinal assemblage of the passive Cordilleran
continental margin was underthrust by subduction.
Recent information suggests that similar
allochthonous terranes were emplaced in analogous
fashion farther south, both fin the Mo jave region
(Poole and Christiansen, 1980) and in central to
southern Sonora (Peiffer-Rangin, 1979).

The greatest difficulty with the hypothesis of
arc-continent collision as an explanation for the
Antler orogeny is the lack of an identifiable arc
terrane vhose arrival at the continental margin can
be attributed to an Antler collision event. Figure
3 shows schematically three possible sequels to
arc-continent collision. For post-Antler
evolution, Flgure 3A is ruled out by the complete

of the Roberts Mountains allochthon imposed a
STAGE | : PRE-COLLISION STAGE 2 : SYN-COLLISION
ISLAND ARC CONTINENTAL ACCRETED SUTURE CONTINENTAL
N’ OCEAN MARGIN ARC BELT BLOCK
% \

N BAsm\ N e
v £ VAN s '
>‘.7vh4 L'I ({Q}£)<7')-> J~f <C:C)l t,

Ja AR NVERE, \/\

STAGE 3 : ALTERNATE POST-COLLISION EVENTS

CONTINENTAL SEDIMENT GROWING
MARGIN COVER OBE\ES?I{J“

/.
POLARITY 'REVERSAL

Figure 3.
sntinent collision orogeny.
«ew continental-margin magmatic arc. In

thermotectonically along modified continental margin.
continental margin leaving only overthrust subduction ¢

D ”‘/\\\/\\ \‘I\I
RGeniind
4 ll\—,\,l’ \ /,\‘/\
THERMOTECTONIC
SUBSIDENCE

AND BURIAL OF ARC

sequel B,
In sequel C, new rift tears most of arc orogen away from
ouplex behind as part of modified continental margin.
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plates weld together and accreted arc subsides

RIFTING AND ©
SEAFLOOR SPREADING

Schematic diagrams to illustrate alternate nmodes of inferred tectonic evolution following arc-
In sequel A, subduction contfinues following reversal .of arc polarity to create
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lack of subsequent arc magmatism locally. Figure
3B is conceivable, but is difficult to accept
simply because intense post-Paleozoic deformation
and erosion in Nevada have as yet exposed no
vestige of the esupposedly . buried arc terrane.
Figure 3C 418 fully compatible with known relations,
and 1is an especially attractive alternative because
oceanic facies and volcanic seafloor of late
Paleozoic age form the younger Golconda allochthon
emplaced locally during the Sonoma orogeny (see
below). Post-Antler rifting 1s seemingly the only
effective means to produce the requisite 1late
Paleozolc oceanic crust nearby. Thus, the arc that
collided with the Cordilleran margin during the
Antler orogeny may well, have been rifted away
shortly afterward. 1If Figure 3C is not the correct
scenarfo, we may expect eventually to discover some
record of the buried arc postulated by Figure 3B.
In the Antler case, this record would take the form
of pre~-Carboniferous arc volcanics incorporated as
structural slices within the otherwise younger
rocks of the Golconda allochthon (see below).

LATE PALEOZOIC AND EARLIEST MESOZOIC

Following the Antler orogeny, Pennsylvanian to
Permian strata were deposited across the eroded
Roberts Mountains allochthon as an overlap sequence
(Silberling and Roberts, 1962). Initial nonmarine
deposits were succeeded by marine strata, but
facies patterns remained complex throughout the
remainder of the Paleozoic along the Cordilleran
margin (e.g., Stevens, 1979).

Meanwhile, the southern margin of
America was deformed by the Permo-~-Carboniferous
Ouachita orogeny (see Fig. 4), an arc-continent or
continent-continent collision évent (Graham and

others, 1975; Wickhan and others, 1976). An
allochthon of oceanic facles deformed into an
imbricate subduction complex was emplaced from

south to north across the depressed edge of the
craton-fringing platform as the margin’ of the
continent was underthrust beneath the flank of an
arriving arc-trench system (Viele, 1979). The
overthrust allochthon, known as the Ouachita system
(Flawn and others, 1961), 1s composed mainly of
argillites, cherts, and wvaried turbidites. The
crustal elements that were sutured to North America
south of the Ouachita system were formerly parts of
Gondwanaland, They included the pre-Mesozoic
basement block of present~day Yucatan and the
Campache Bank, together with poorly ‘known pre-
tesozoic terranes still buried in the subsurface of
the Gulf coastal plain (e.g., Woods and Addington,
1973). The Ouachita orogenic belt was thus part of
the Hercynian system along which Laurasia and
Gondwanaland were joined to form Pangaea. The
dramatic offset of the Ouachita system from central
Chihuahua to the vicinity of Ciudad Victoria in
Tamaulipas 1Is one of the most clearcut effects of
ma jor Mesozoic displacement along the Mo jave-Sonora
megashear (see Fig. 4).

In front of the Ouachita thrusts, major
foreland basins subsided along the flank of the
craton. More distant features related to the
Ouachita collision orogeny were the intracratonic
block uplifts and assocliated basins of the
Ancestral Rockies system in the region of the
southern Cordillera (Kluth and Coney, 1981). These
largely Pennsylvanian but partly Early Permian
tectonic elements were coeval in their development
with the progress of the Ouachita orogeny. No
correlation with tectonic events along the

North
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Cordilleran rmargin is indicated, because the Antler
orogeny was cocpletely over and the Sonoma orogeny
had not yet begun when the Ancestral Rockies
developed.

The Ancestral Rockies uplifts were basenment-
cored folds delimited in whole or in part by faultsg
with normal, reverse, and wrench characteristics,
The style of deformatfon was roughly analogous to
the patterns of neotectonics observed 1in the
interior of Eurasfa as a result of 1its Cenozoic
collision with the Indfan subcontinent (Molnar and
Tapponier, 1975). The 4intraplate deformation that
produced the Ancestral Rockies 1s attributed
similarly to the stresses induced within the North
American lithosphere by the Ouachita collision,
The associated sedimentary basins are an important
type of intracontinental basin whosc plate tectonic
setting has not been well understood fn the past.

The map pattern of the Ancestral Rockies
system (see Fig. 4) suggests that firregularities in
the shape of the pre-collision Ouachitan margin
served to guide stresses along preferred paths
across the transcontinental arch, For example, the
Anadarko-Ardmore aulacogen was reactivated in the
Ouachita foreland as a fault-bounded and internally
wrenched basin (Ham and Wilson, 1967). The
structural axes of the Pennsylvanian Anadarko basin
and the adjacent Wichita uplift are aligned to the
northwest with the structural trends of the main
Ancestral Rockies uplifts in Colorado. Similarly,
the late Paleozoic Permian Basin region of west
Texas 1s superimposed above the Tobosa basin of
early Paleozoic age (see Fig. 2), and 1local
structural trends also continue northward into the
Ancestral Rockies region.

> The most distant basins now known within the
Ancestral Rockies field are the Oquirrh basin on
the northwest and the Pedregosa basin on the
southwest (see Fig. 4). The Oquirrh basin 1lies
mainly athwart the miogeoclinal belt along the
Cordilleran wmargin, and thus marks a place where
intraplate deformation caused by the Ouachita
collision broke across the transcontinental arch to
affect the opposite continental margin (Jordan and
Douglas, 1980). The large but poorly known
Pedregosa basin developed within the platform belt
that had previously closed around the nose of the
transcontinental arch (see Fig. 2). Its western
termination is poorly known. In the Death Valley
region, an Zarly Permian angular unconformity
(Stone and others, 1980) that separates downfaulted
turbidites from overlying shelf strata may reflect

- Ancestral Rockies deformation much farther west.

In Late Permian and Early Triassic time, an
arc-continent collision along the Cordilleran

margin occurred during the Sonoma orogeny (Speed,
1977). The deformed Golconda allochthon of Permo-
Carboniferous oceanic strata was exmplaced as a
subduction conpiex above the underthrust Antler
orogen and its thin cover in central Nevada. The
rocks involved include cherts, argillites,
greenstones, and turbidites. The oceanic sequence
evidently accunulated in a post—Antler ocean basin
that was probably formed by wmid-Carboniferous
rifting along the general trend of the Antler
orogenic belt. Emplacement of the allochthon
evidently terminated Early Triassic°~ marine
sedimentation that represented a continuation of
Paleozolc depositional patterns (Collinson and
Hasenmuller, 1978).
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Figure 4. Paleotectonic map of southern Cordillera, mid-Carboniferous (HississippianLPennsylvqnian boundary)
to mid-Triassic (end of Middle Triassic) time, 325-225 myBP. On southeast, Ouachita system 1s subduction
complex of Paleozoic oceanic strata thrust over previously passive continental margin during Ouachita orogeny
in Penasylvanian and earliest Permian time, 325-275 myBP (note Arkoma and Fort Worth foreland basins). Coast
of modern Yucatan and edge of .present Campeche Bank shown in approximate positions occupied within Pangaea,
from mid-Permian to mid-Triassic time (275-225 uyBP), after suturing of Gondwanan crustal blocks to the craton
along the Ouachita collision belt. Pennsylvanian and Early Permian uplifts and basins of Ancestral Rockies and
related systems across southern Cordillera as far as Oquirrh and Pedregosa basins formed by intraplate
deformation under stresses induced by Ouachita collision orogeny. Younger thrust plate on Cordilleran margin
5 Golconda allochthon, a subduction complex of upper Paleozolc oceanic strata emplaced during Permo-Triassic
oonoma orogeny (275-225 myBP), when composite arc terranes were also accreted to the continental wmargin.
Relations in Mojave region and Mexico interpretive or speculative, or both,
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An extensive composite arc terrane was sutured
to the Cordilleran margin during the Sonoma orogeny
(Speed, 1979). In addition,
magmatisn like that in the Koipato volcanic center
of central Nevada occurred during or just after the
collision event 1in some areas. Middle Triassic
strata of the Star Peak Croup overlap the Golconda
allochthon in Nevada and seemingly date the end of
related accretion there (Silberling and Wallace,
1969; Nichols and Siberling, 1977). A reversal in
arc polarity following the Sonoma collision
probably initiated Cordilleran subduction in Llate
Triassic time as part of the nascent circum-Pacific
orogenic belt (see Fig. 3A). '

a

Recent work in the Mojave region 1indicates
that major deformation and metamorphism, uplift -and
erosion, and deposition of both synorogenic and
postorogenic clastics occurred there in association
with the Sonoma orogeny (Miller, 1978; Burchfiel
and others, 1980). Thrusting during the Sonoma
orogeny was probably not restricted to emplacement
of the Golconda allochthon, but also 1likely
included pre~Jurassic thrusts of the Last Chance
system (Stewart and others, 1966; Burchfiel and
others, 1970; Dunne and others, 1978), which
displaces slabs of miogeoclinal rocks. Although
the latter types of thrusts have commonly been
regarded as early precursors of the much younger
Sevier thrust system of Cretaceous age, the fact
that they are intruded locally by arc plutons of
Early Jurassic age implies that they were part of
the Sonoma deformation. Triassic thrusts of this
- type are currently well dated only in the Death
Valley region. . Logically,. they may be present also
farther northeast in Nevada and Utah where a
general lack of preserved Mesozole strata within
the deformed miogeoclinal belt would make {t
difficult to distinguish suspected Triassic thrusts
from younger Cretaceous thrusts.

LATE TRIASSIC AND JURASSIC -

Between Late Triassic and Late Jurassic time,
important changes 1in plate tectonic reglwes
adjacent to the southern Cordillera reflect the
changing global patterns of continental drift and
seafloor spreading that accompanied the breakup of
Pangaea (cf. Coney, 1978b). Along the Cordilleran
margin, subduction of seafloor and associated arc
magmatism marked the beginning of the modern
circum-Pacific orogenic system. In the Ouachita
r2gion, Fifting and spreading related to the
opening of the modern Atlantic formed the Gulf of
Mexico as Yucatan pulled away from Texas.
Coordinate transform motion along the Mojave-Sonora
megashear displaced all pre-existing terranes
across Mexico.

The oldest widespread plutons of the Mesozoic
magmatic arc that intrude Precambrian basement and
its Paleozoic cover in the southern Cordillera were
emplaced about 150 to 190 my BP from mid-Early to
mid-Late Jurassic time (e.g., Crowder and -others,
1973; Dunne and others, 1978). Scattered plutons
of Late Triassic and even older age are known
locally in the Mojave region, and intermediate
volcanics of Late Triassic age are locally
prominent in the Sierra Nevada reglon (Schweickert,

1978). However, the mid-Lower to mid-Upper
Jurassic granitic batholiths and associated arc
volcanics form a coherent elongate belt that

extends from the Sierra Nevada reglon (Schweickert,
1976b) across southeastern California and southern
Arizona (Shafiqullah and others, 1980) into Sonora

local Lower Triassic
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(see Fig. 5). Although rocks of the Jurassic arc
terrane are displaced locally across the Mojave-
Sonora megashear (Anderson and Silver, 1919), arc
nagmatism continued southward in Mexico.
Subduction evidently proceeded under both blocks to
either side of the paleotransform (Fig. 6), much as
Mesoamerican subduction is underway now under both
Mexico and Central America to either side of the
active Cayman transform. '

The time span of motion aleng the Mojave-
Sonora megashear is not yet well constrained, but
can be inferred closely from data oa the opening of
the Gulf of Mexico. Late Triassic rift valleys in
the Texas subsurface may herald the first tentative
breakup of Pangaea, but oceanic crust did not fornm
in the Atlantic region until Jurassic time. The
opening of the Gulf of Mexico by the movement of
Yucatan probably occurred betweea mid-Early and
mid-Late Jurassic time (Salvador, 1980).
Logically, slip on the Mojave-Sonora megashear was
confined mainly to the same time span, which is the
period during which it was presumably active as a
paleotransform.

The full geologic effects of slip on the
megashear or paleotransform were doubtless complex,
but are poorly understood. The triple junction at
its western end was inherently migratory (see Fig.
6), and deformation of the adjacent continental
crust was probably severe as the triple junction
moved southward through time. Near the western end
of the paleotransform, its trend lay subparallel to
the circum-Pacific arc-trench system.
Transpressional or transtensional deformation along
the arc {itself or within the forearc region may
well have given rise to local uplifts or pull-apart
basins in southern Arizond and the Mojave region.
A promising topic for future study i{s a comparison
of Upper Triassic and Lower Jurassic strata in
southern Nevada (Reilly and others, 1980; Speed and
Jones, 1969) with coeval strata in western Sonora
(Gonzalez, 1979). The former were trapped in the
backarc region behind the Jurassic arc, but the
latter may well be offset equivalents that extendesd
well into the forearc region and were carried far
to the south by movements along the megashear.

UNSTABLE

®

STABLE

Diagrams of unstable (leflt) and stable

Figure 6.
(right) trench-trench-transfora (TTF) triple
junctions, the type developed where Mojave-Sonora

megashear or paleotransform met circum-Pacific
Cordilleran subduction zone; trench lengthens with
time by addition of new central segaents.
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Figure 5. Paleotectonic map of southern Cordillera, mid-Triassic (end of Middle Triassic) to mid-Late Jurassic
time, 225-150 myBP. . In Texas, rift-valley clastics overlain by Upper Jurassic carbonates form basal horizons
of Gulf Coast sediment prism whose deposition along rifted continental margin was initiated by Early to Middle
Jurassic opening of oceanic Gulf of Mexico. Coordinate slip of 750-850 km on Mo jave-Sonora megashear or
paleotransform displaced pre-Late Jurassic terranes across Mexico. Thermotectonic uplift of edge of rifted
continental block formed Mogollon highlands and related uplands separating the Gulf depression and related
lowlands from an extensive rim basin, which filled with redbeds from the Colorado Plateau area to west Texas.
Farly to Middle Jurassic arc magmatism formed the initial volcanoplutonic complexes of the circum-Pacific arc—-
trench system along the Cordilleran margin., Mid-Late Jurassic accretion of intra-oceanic island arc terranes
to the Cordilleran margin caused the subduction zone to step outward from locations now inland to locations

near the present coast. Probable extension of Cordilleran magmatic arc southward into central Mexico not well
controlled.
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Farther north in Nevada, the origin of the
Late Triassic to Early Jurassic basin in which the
thick Auld Lang Syne Group was deposited remains
unclear (Burke and Sflberling, 1973).
after the Sonoma orogeny but before slip on the
megashear. Also uncertain is the significance of
scattered plutons of mid-Early to- mid-Late Jurassic
age 1in central Nevada, where they were emplaced
between 150 and 180 my BP (Silberman and McKee,
1971; Erickson and others, 1978). Nearly all were
intruded 1into ground that had previously been
overridden by oceanic allochthons during the Antler
and Sonoma orogenies.

In central Arizona,’ the Mogollon highlands
that appeared in the Late Triassic served as a
ma jor sediment source for the fluvial clastics in
the Upper Triassic Chinle Formation of the Colorado
Plateau (Stewart and others, 1972). Other sources
of redbed clastics lay 1in residual highlands
inherited from the Ancestral Rockies system in
Colorado. The origin of the Mogollon highlands to
the south has long been a problem. They clearly
lay behind the Jurassic arc terrane, and extended
far to the east away from the Cordilleran margin.
The regional tectonic relations suggest that the
Mogollon highlands represented the western end of a
broad thermotectonic uplift associated with rifting
that formed the Gulf of Mexico and associated
Mesozoic troughs farther west in Mexico.

The mid-Mesozoic redbed basin of the Colorado
Plateau and the Dockum basin of Texas and eastern
New Mexico thus together formed a broad rim basin
(Veevers, 1977). This elongate depression lay
between the more elevated interior of the continent
and the thermotectonic wuplift flanking troughs
related to the Gulf of Mexico on the south, Llater
erosion has severed the continuity of the Upper
Triassic redbed succession across the trend of the
Rio Grande rift. Farther northwest, both Triassic
and Jurassic redbeds pass gradationally into marine
strata deposited along the Cordilleran margin.

Jurassic eolian units composed of dune sands
that were blowing generally southward away from the
shoreline trend are widespread on the Colorado
Plateau (Stokes, 1961). Analogous and generally
correlative strata are intercalated with Jurassic
arc volcanics in the Mojave region (Miller and
Carr, 1978) and in southern Arizona (Bilodeau and
Felth, 1979). The continuity of this unique
assoclation of arc volcanics and quarczose dune
sands across the trace of the eastern strand of the
megashear implies that the largest and latest
displacements occurred along the western strand of
the megashear. '

Subduction along the mnodified Cordilleran
margin during the Jurassic led to the growth of a
subduction complex along the present Sierra Nevada
foothills. Along strike, deformed Triassic and
Jurassic radiolarian cherts form parts of tectonic
wedges that were underthrust beneath the flank of
the coantinent in the Klamath Mountains (Irwin and
others, 1978). In mid-Late Jurassic time, bulky
oceanic island arcs apparently lodged in this
subduction zone, which now lies fnland, both in the
Sierra Nevada foothills (Schweickert and Cowan,
1975) and in Baja California (Rangin, 1978; Gastil
and others, 1978). The accretion of these crustal
blocks apparently induced the subduction zone to
step outward, into the site of the present
California Coast Ranges and along coastal or

It formed -
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offshore Baja California,
LATEST JURASSIC AND CRETACEOUS

Beginning in latest Jurassic time and
continuing through the Cretaceous, the Franciscan
subduction complex grew incrementally in width and
bulk within coastal California and Baja
California. Consequently, the subduction zone
shifted gradually seaward, and major forearc basins
developed at intervals along the arc~trench systeg
(Ingersoll, 1979). Notable examples occupled the
Creat Valley of California and the Vizcaino
lowlands in Baja California. The magmatic arc
occupied a broad belt within which major composite
batholiths were emplaced in the Sierra Kevada and
the Peninsular Ranges (see Fig., 7). The trend of
the igneous belt lay distinctly oceanward from its
previous position in mid-Mesozoic time
(Schwelckert, 1976b; Coney and Reynolds, 1977).

The Franciscan assemblage has a complex
internal structure marked especially by multiple
thrust panels and imbricate slices of disparate
terranes, and by the widespread development of
intricately dislocated melanges. Subordinate
components clearly represent diszembered fragments
and slabs of oceanic lithosphere carried into the
subduction zone from sites far out to sea. These
include serpentinite altered from peridotite of the
oceanic mantle, pillow basalt and related mafic
igneous rocks of the oceanic crust, and radiolarian
chert with ninor pelagic limestone deposited on the
open seafloor., However, the bulk of the Franciscan
consists of graywacke and associated argillite.
These tutbidites probably represent trench f£i111 and
deposits of slope basins associated with the
trench. The compositions of Franciscan graywackes
are broadly comparable to the compositions of
coeval sandstones in nearby forearc basins. Both
clastic suites were derived from volcanic and
plutonic sources in the nearby magamatic arc, which
vas undergoing dissection while igneous activity
continued (Dickinson and others, 1981).

On the other side of the southern Cordillera,
transgression spread shelf sediments across much of
Texas and northeastern Mexico as the rifted margin
of the Gulf of Mexico subsided
therootectonically. A structural arm of the Gulf
depression also extended far to the northwest
across Mexico toward the rear flank of the magmatic
arc (see Fig. 7). Backarc deforaation within the
southern Cordillera varied widely from time to time
and from place to place during the late Mesozoic.
The rost widespread effects of backarc deformation
vere two wpajor sedimentary basins of regional
extent: (1) 4n the south, the extensional
Chihuahua Trough of Late Jurassic to mid-Cretaceous
age coanecting to the Gulf depression, and (2) in
the north, a retroarc foreland basin of mid-
Cretaceous to Late Cretaceous age adjacent to the
Sevier thrust belt and connecting to the Alberta
Basin. Let us here consider each in turn.

The Chihuahua Trough was continuous around the
Coahuila Platform with the main expanse of the Gulf
of Mexico. As the Gulf and its pargins subsided
thermotectonically following mid-Mesozoic rifting,
marine waters advanced gradually up the Chihuahua
Trough through Late Jurassic and Early Cretaceous
time (de Czerna, 1971). The Bisbee Group of
southeastern Arizona was deposited near the tip of
this elongate basin farthest inland from the Gulf
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Flgure 7. Paleotectonic map of southern Cordillera, mid~Late Jurassic to latest Cretaceous (Campanian~
Maestrichtian boundary) time, 150-75 wyBP. Continued subsidence of rifted continental margin adjacent to Gulf
of Mexico was accompanied by marked Cretaceous transgression of flank of continental block. Marine invasion of
Chihuahua Trough through passage comnecting with Gulf of Mexico south of Coahuila Platform extended by mid-
Cretaceous time ( 100 myBP) as far as reglon of backarc extension in Arizona where Bisbee Group was
deposited. Farther north, backarc contraction along Sevier thrust belt induced mainly Late Cretaceous (100-75
nmyBP) subsidence in Rocky Mountain retroarc forelend basin as broad flank of continental block was flexed
downward beneath tectonic load of foreland thrust sheets. Broad and continuous magmatic arc along Cordilleran
margin formed major batholiths in Sierra Nevada and Peninsular Ranges, while major forearc basins developed in
Great Valley of Alta California and beneath Vizcaino Desert in Baja California. Accretionary Franciscan
subduction complex grew in bulk and width within Coast Ranges of Alta California and along coastal fringe of
Baja California. . :
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(Hayes, 1970; Cordoba and others, 1971). Marine
conditions finally reached this distal region 1in
the latter part of the Early Cretaceous, only to
retreat again by mid-Cretaceous time. The Glance
Conglomerate at the base of .the Bisbee Group 1s a
widespread unit of variable thickness representing
coarse pledmont fans dumped into local basins from
rugged nearby fault ©blocks forming a rift
topography (Bilodeau, 1979b). The conglomerate
fans and uplifted fault blocks were covered alike
by finer grained fluvial and marine strata as bulk
regional subsidence proceeded. The basin was
essentially full to spill point with sediment by
mid-Cretaceous time.

’

By contrast, the Late Cretaceous retroarc
foreland basin of the Rocky Mountain region was
associated with backarc contraction. The Sevier
thrust sheets to the west formed a tectonic load
that downflexed the adjacent part of the
continental block to form the asymmetric foreland
basin. At intervals during the evolution of the
basin, Sevier thrust sheets also supplied piedmont
conglomerates to the orogenic flank of the basin
(Armstrong, 1968). Major deltaic complexes also
prograded eastward across the basin as coastal
plains built outward along the orogenic flank of
the basin (Weimer, 1970). Major subsidence did not
begin in Utah until about mid-Cretaceous time,

although a foreland basin was present earlier
farther north (Dickinson, 1976). Sedimentation
continued through nearly all of the Late

Cretaceous, but never extended southward across the
relict Mogollon highlands of central Arizona.

The retroarc foreland basin to the north and
the extensional backarc basin to the south were
thus in large part of different ages, mainly Late
Cretaceous in the north but Early Cretaceous {n the
south. At present, however, there 1s no indication
that the two types and styles of basin tectonics
vere ever superimposed sequentially in the sage
place. Consequently, Figure 7 shows schematically
a _transition in backarc Cretaceous tectonics at
about the latitude of the Mojave region. To the
oorth, effects of contractional deformation were
doazinant, vhereas effects of extensional
deformation were dominant to the south.

Bilodeau (1979a) has proposed three alternate
conceptual models to explain the presumed
transition in backarc tectonics within the southern
Cordillera during late Mesozoic time (Fig. 8). The
three concepts are not mutually exclusive, and may
be considered as possibly complimentary tectonic
influences. Figure 8A depicts the Chihuahua Trough
with its distal Bisbee basin as a segmented arm of
a rift system extending as an aulacogen-like
feature into the southern Cordillera from the Gulf
of Mexico. TFigure 8B postulates contraction to the
oorth and extension to the south behind the
Cordilleran magmatic arc as a function of different
inclinations for the slab of lithosphere subducted
beneath the Cordillera. The subducted sladb is
assumed to have been segmented or flexed (not
shown) in the region of the tectonic transition of
Figure 7. The significance of shallowing or
steepening the angle of slab descent for tectonic
regimes 1in the overriding plate is discussed
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Figure 8.
backarc tectonics within the southern Cordillera:

Alternate conceptual models (from Bilodeau,

1979a) to explain presumed transition in late Mesozoic
A (left) is aulacogen or intracontinental rift model, B

(center) is model of segmented slab with variable dip, and C (right) is rotation model where absolute motion of

over-riding plate varies.
open Gulf of Mexico; arc trends approximate.

South America shown in Early Jurassic position (after Ladd, 1976) before rifting to
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further in later sections of this paper. Figure 8C
attributes the tectonic transition {nstead to a
rotational motion of the overriding plate about a
pivot point located at the tectonic transition.
The models of Figures 8B and 8C both 1involve
changes In the nature of the 1interaction between
the overriding plate and the zone of flexure or
trench ‘hinge iIn the plate being subducted, and
either could contribute to evolution of the pattern
of plate boundaries shown in Figure BA.

The interpretation of contraction to the north
and extension to the south {is  doubtless an
oversimplified view when the factor of timing 1is
taken iInto account, In western Arizona and
adjacent parts of the Mojave region in California,
metamorphosed Jurassic or Cretaceous redbeds were
folded, together with older Paleozoic strata, into
folds with southeasterly vergence during a
deformational episode of probable Cretaceous age
(Reynolds, 1980). In this region, earlier deposits
of an extensional trough may have been crumpled by
later contractional deformation. If so, perhaps
the tectonic trznsition, between contraction to the
north &and extension to the bouth,‘ migrated
southward through Cretaceous time.

LATEST CRETACEOUS TO LATEST OLIGOCENE

Contractional deformation finally swept across
the full width of the southern Cordillera aloug its
whole length during latest Cretaceous and early
Paleogene time. In a real sense, this Laramide
event defined the extent of the southern Cordillera
as we koow it today. The inland 1limit of orogenic
deformation migrated well toward the craton, beyond
the axes of the Cretaceous sedimentary basins that
previously had lain behind the magmatic arc (see
Fig. 9). As orogenic deformation thus spread to
interior parts of the. Cordilleran belt, arc -
magmatism also shifted progressively eastward and
waned in intensity (Armstrong, 1974; Coney, 1976;
Snyder and others, 1976). The mid-Paleocene to
uid-Eocene peak of deformation in the Wyoming and
Colorado Rockies along the inland fringe of the
laramide orogenic belt coincided roughly with a
prominent gap or null in arc magmatism withia the
intermontane region farther west.

Both the eastward migration of arc magmatism
and orogeanic deformation toward the interior of the
coantinent, and the coordinate reduction in overall
magmatic activity, caan be attributed to a decrease

the southern Cordillera (Coney, 1978a; Dickinson
and Snyder, 1978). Several related conditions
contributed to these effects (see Fig. 1DA):

1) Flattening of the angle of slab descent
shifted the locus of melting near the top of the
slab farther away from the subduction zone along

the coast (Coney and Reynolds, 1977; Keith,
1978). Consequently, magmatism shifted inland.

2) As the inclination of the subducted slab
in the mantle became subhorizontal, magma
generation was suppressed because the slab did not
penetrate well 1into the asthenosphere (cf.
Barazangl and 1Isacks, 1976). Consequently, arc

magmatism waned.

3) Shallower descent of the slab increased
the degree of interaction between the subducted
slab and the overriding plate by keeping the two in
shear contact for longer distances inland from the
coastal subduction zone ( cf. Barazangi and Isacks,
1976). Consequently, the belt of Cordilleran
tectonics widened.

4) Decrease in slab dip 1s associated with
net convergence between the interior of the
overriding plate and the line of flexure or trench

hinge in the place being subducted (Dickinson .
1980; Dewey, 1980). Consequently, contractional
tectonic features were dominant across the

Cordilleran belt.

Details of the geometry of structures
developed during Laramide deformation, and of the
mechanics that produced them, - have long been
controversial. In the classic Laramide region of
the Wyoming and Colorado 'Rockies, the dispute has
centered upon the question of whether the fault-
bounded basement uplifts reflect basement
contraction or purely vertical tectonics
(Matthews, 1978). Modern data from seismic
reflection show unequivocally that key faults
separating uplifts from basins are major thrusts
that penetrate deep into basement at shallow dips
(Smithson and others, 1979). The controversy is
thus now resolved in favor of basement contraction,
and the monoclines of the Colorado Plateau farther
west can be viewed as less extreme products of
similar contractional tectonics (e.g., Coney,
1976).

Near the Mexican border in southern Arizona

in the dip of the subducted slab at depth beneath and adjacent WNew Mexico, a different sort of
o ' MAGMATISM MAGMATISM
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Figure 10. Diagrams to illustrate migration of arc magmatism and changing tectonic regimes within over-riding

Plate in response to changing dip of subducted oceanic slab.
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See text for discussion.
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On the Gulf Coast,

but latest

Peak of intracontinental deformation to form uplifts and basins: of

laramide Rockles by breakage of over-riding plate was roughly coincident with regional null in arc magmatism

about mid-Eocene time ( 50 myBP).

Broad forearc region developed along Cordilleran margin as shallow descent

of subducted Farallon plate beneath the southern Cordillera caused arc magmatism to shift eastward and wane

from latest Cretaceous to mid-Eocene time (75-50 my BP).
Arc magmatism swept back westward in Oligocene time as angle of descen: of
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Paleotectonic map of southern Cordillera, latest Cretaceous (Campanian-Maestrichtian boundary) to
Re-establishment of arc magmatism locally was accompanied by extensional deformation

arce.
associated with Cordilleran metamorphic core complexes.
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controversy exists concerning Laramide structures
(e.g., Drewes, 1976; Keith and Barrett, 1976).
local accumulations of latest Cretaceous volcanic
and sedimentary rocks (Hayes and Drewes, 1978) are
involved with older strata {n complex folds and
faults whose geometry is not yet fully resolved,
There 18 no doubt that the structures reflect
contractional tectonics, but two contrasting views
of their structural style exist:

1) Drewes (1978) concludes that—m jor exposed
faults are segments of deformed thrusts whose
regional attitude 1s essentially subhorizontal.
These regional thrusts are held to delineate thin-
skinned thrust sheets that experienced 1lateral
tectonle transport of major proportions with
consistent vergence toward the interior of the
continent, In this view, the main difference
between the observed tectonic style and the well-
known style of the somewhat older Sevier thrust
sheets farther north 1lies in the fact that the
thrust panels incorporate slabs of basement rock
not encountered within the Sevier thrust belt.

2) Davis (1979) concludes that o= jor exposed
faults are more local thrusts and reverse faults
that bound basement-cored uplifts. The vergence of
these structures 1is interpreted to have been
controlled by the flanks of the uplifts, and thus
vergence 1is held to be variable, both away from the
interior of the continent as well as toward it. In
this view, the observed tectonic style resembles
that of the c;::;%g_Laramide region in the Wyoming
and Colorado R es, except that the scale of the
individual uplifts is somewhat smaller.

The latter view is preferred here for two main
reasons: (a) the sort of repetitive imbrication of
cover rocks so typical of thin-skinned thrust belts
elsevhere is not observed locally (e.g.
1980), and (b) no broad ‘foreland basin like that
observed in Alberta or in the Cretaceous of the
Rocky Mountain region 1is present in New Mexico
between the deformed belt and the craton. Without
imbrication of the cover rocks efther within or
adjacent to the deformed belt, it is unclear how
the surficial shortening required by regional
overthrusting .€ould be accommodated. In the
absence of depressed foreland region, it {is
unclear how the lithosphere might have adjusted to
the tectonic load imposed by the ecplacement of
cajor regional thrust sheets. However, the issue
is complicated by the fact that generally coeval
thrusting farther south in Mexico did lead to the
development of the Parras basin, which appears to
exhibit the attributes expected for a retroarc
foreland basin (McBride and others, 1974).

In the Mojave region farther to the west,
laranide events are even more poorly understood.
The Pelona-Orocopia schist terrane (Haxel and
Dillon, 1978) was apparently metamorphosed between
mid-Paleocene and mid-Eocene time. The protoliths
of these rocks constitute an oceanic assemblage of
graywacke accompanied by subordinate argillite,
chert, and greenstone. This terrane was probably
underthrust bodily beneath the whole Mojave region
from the subduction zone along the edge of the
continent during the Laramide interval of shallow
Plate descent. In effect, the pre-existing lower
crust within that region was stripped back beneath
the continental block and replaced by the
underthrust subduction complex. Coordinate intense
deformation of the over-riding upper crust may be

Drewes,
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represents a

reflected by comple: thrusting and retamorphisn of

generally Laramide age iIn southweestern Arizona
(Reynolds and others, 1980; Haxel and others,
1980). Proto-San Andreas strike slip near the

coast (see Fig. 9) may have been induced by partial
coupling of wunderthrust 1fithosphere, which was
subducted obliquely, to the thin overthrust 1ip at
the tapering edge of the over-riding continental
block (Dickinson and others, 1979).

Following the period of Laramide deformation,
arc magmatism was re-established within the
intermontane region along a trend lying roughly
parallel to the coastal subduction zone, During
the Oligocene, arc activity swept progressively
westward In a pattern that mimics in reverse the
inward sweep of arc magmatisno which acconpanied the
onset of Laramide deformation (Coney and Reynolds,
1977; Dickinson and Snyder, 1978; Keith, 1978). By
analogy, this backswing can be attributed to a
gradual increase in the dip of the subducted slab

at depth beneath the southern Cordillera (see Fig.
10B). Steepening of the angle of slab descent
shifted the locus of melting where the slab
penetrated the asthenoxphere back towzrd the coast,
and at the same time intensified arc magmatism as
full penetration of the asthenosphere by the
descending slab was achieved once again. However,
the Oligocene magmatic arc remained inland from the
position that the main Cretaceous magmatic arc had
occupied.

MID~CENOZOIC DEFORMATION

The increase in the dip of the subducted slab
was associated with pronounced tectonic effects
locally. Whereas flattening of slab dip produced
widespread contractional tectonics, steepening of
slab dip evidently induced prominent extensfonal
tectonics, whose full implications are not yet
understood. As these poorly known processes began
in the Oligocene but continued into the Miocene,
they pertain in part to two of the accompanying
paleotectonic maps (Figs. 9 and 11), hence are
discussed separately here. Damon and Bikerman
(1964) were the first to argue the importance of
mid-Cenozoic tectonic and magmatic events that were
post-Laramide, yet preceded classic Basin-and-Range
development. '

One can infer that an increase 1in slabdb dip
reflects coordinate retrograde motion, or rollback,
of the line of flexure at the trench hinge in the
plate being subducted (Dickinson, 1980; Dewey,
1980). This geotectonic feature thus tends to
retreat from the {nterior, of the over-riding
continental plate back toward the center of the
adjacent ocean basin. The rollback vector
potential for crustal divergence
previously contracted Cordilleran
lithosphere where crustal convergence had been
dominant. In effect, the change in slab behavior
from a flattening mode to a steepening mode may
have achieved a significant relaxation of orogenic
stresses. If so, a period of extensional tectonics
and crustal’ thinning within the southern Cotdillera
might well be expected to have succeeded the
previous episode of contractional tectonics during
which crustal thickening presumably had occurred
(see Fig. 10). Even so, subduction was still
underway at the convergent plate boundary along the
continental margin. Thus, ‘the potential for
further orogenic deformation had not been entirely
removed in the manner that would prevail along a

within the
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Figure 1l. 25-0 myBP., Miocene
magmatic arc had its greatest extent at the beginning of Miocene time ( 22.5 myBP). Since thenm, it has been
progressively extinguished throughout the region shown as intervening segments of Farallon plate were consumed
to bring Pacific and American plates into contact along San Andreas transform system. Transpressional San
Andreas fault proper in California Coast Ranges and transtensional fault system within Gulf of California have
been active mainly in post-Miocene time (5-0 myBP), whereas other key strands of San Andreas system along shore
and offshore were most active during Miocene time. Extensional deformation within Basin-and-Range province to
form typical horsts, grabens, and tilted blocks has occurred mainly since mid-Miocene time (15-0 myBP), but
listric normal faulting with extreme tilting occurred earlier in Arizona. Such extensional fragmentation of
the Cordilleran continental margin is restricted to the segment where no subduction zone is preseat and no
plate consumption occurs along San Andreas transform system. Sedimentary progradation of continental margin

continues along Gulf Coast.
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divergent plate boundary of simple rifting,

South of the Colorado Plateau, post-laranfde
arc magmatism returned to the region stretching
from New Mexico to California at various times
during the Oligocene (Decal and others, 1980;
Shafiqullah and others, 1978, 1980; Crowe and
others, 1979). Over wide areas in southern Arizona
and adjacent California, the mid-Cenozoic volcanics
vere offset and strongly tilted, together with
generally coeval clastics, by movement along
listric normal faults or subhorizontal detachment
surfaces (Crowe, 1978; Davis and others, 1979;
Reynolds, 1980; Rehrig and others, 1980;
Shafiqullah and others, 1980). This style of
extensional tectonics was prevalent from 1latest
Oligocene to approximately mid-Miocene time,
Similar features of similar age are known also from

the Great Basin farther north (Anderson, 1971;
Proffett, 1977). Inferred directions of
extensional movement are generally normal to

Laramide or older <Cordilleran structural trends
(e.g., Rehrig and Heidrick, 1976).

Metamorphic core complexes (Coney, 1979, 1980)
are assoclated regionally, and in places locally,
with the fields of listric normal faults, and also
with the surficial detachment surfaces, some of
vhich constitute upper structural levels of exposed
core complexes. Evidence for mid-Cenozolc tectonic
denudation is characteristic for the metamorphic
core complexes in the southern Cordillera (Davis
and Coney, 1979). Many also harbor mid-Cenozoic
plutons (Banks, 1980; Reynolds, 1980; Todd, 1980),
and the correlation 1In space and time between
Cordilleran core complexes and the flare-up of mid-
Cenozoic arc cagmatism is clear (Coney, 1979,
1980). Accordingly, the Cordilleran metamorphic
core complexes are regarded here as the
structurally complicated but tectonically
informative record of significant wid-Cenozoic
crustal extension that coincided with steepening
slab dip and renewed arc wmagmatism (Davis, 1980;
Rehrig and Reynolds, 1980).

"Extension in a direction roughly colinear with
the direction of earlier Laramide contraction is
suggested for many areas (e.g., Rehrig and
Heidrick, 1976). Ome factor that may complicate
local structural interpretations is the possibility
that subhorizontal thrust surfaces, which developed
originally during Laramide contraction, may later
have served to guide subhorizontal dislocations
during the mid-Cenozoic extensional event (e.g.,
Davis and others, 1979; Shafiqullah and others,
1980). Some of the metamorphic fabrics within the
core complexes may be inherited from the time of
laramide deformation (Davis and others, 1980; Keith
and others, 1980). Perhaps it is even conceivable
that  basement thrusts along which movement
accomplished crustal thickening during Laramide
contraction served later as.the soles of listrie

fault systems along which movement accomplished
¢rustal thinning during subsequent mid-Cenozoic
extension,

During the mid-Cenozoic, a broad belt along
the edge of the continental block experienced
vholesale uplift that produced a wideéspread late
Paleogene erosion surface upon which the mid-
Cenozoic volcanics were erupted (Epis and Chapin,
1975). This effect was produced by the subduction
of successively younger and more buoyant oceanic
Hthosphere as the trench along the continental
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margin gradually encroached wupon the Pacific-

Farallon spreading center (Daron, 1979).
LATEST OLIGOCENE TO RECENT

In late Cenozolc time, three related processes

dominated °‘the tectonic evolutinn of the
southern Cordillera. (see Fig. 11): (1) the
extinction of subduction along the continental
margin and the growth of the San Andreas transform
fault system, (2) the termination of subduction-
related arc magmatism and its replacement by
scattered basaltic and rhyolitic volcanic centers,
and (3) the development of ‘the Basin-and~Range
province of extensional tectonism within that
portion of the continental block adjacent to the
San Andreas transform.

have

Evolution of the San Andreas transform began
in the Late Oligocene when the Pacific~Farallon
ridge first began to encounter the Farallon-

American trench near the latitude of the Mexican
border. The resulting Pacific~American transfora
has  gradually lengthened with tire, although
various fault strands have absorbed the main slip
at different times during 1its ' longz evolution
(Dickinson and Snyder, 1979a). The major slip zone
was probably along the continental margin until
nid-Miocene time, when it stepped inland to various
faults along the Californla coast, within the
offshore borderland, and along the shelf off Baja

California. The present San Andreas fault proper
did not become the principle strand of the
transform system until akoug the beginning of

Since then, opening of the Gulf of
California has split apart the Miocene are
volcanics of the mainland from those of the
peninsula (Gastil and others, 1979).

Pliocene time.

As the San Andreas transform evolved along the
continental margin, arc volcanism was progressively
extinguished inland because no lithosphere is
subducted along a transform plate boundary.
Geometric analysis of the plate motions involved
indicates that a region lacking a subducted slab
developed first where the San Andreas transform was
initiated, and then expanded with time as a roughly
triangular area 1lying adjacent to the growing
transform with its apex well inland (Dickinson and
Snyder, 1979b). The resulting absence of a
subducted slab beneath the segment of the
Cordillera adjacent to the San Andreas transform
can be viewed as a breach or window in the
subducted slab otherwise present in the . mantle
beneath the southern Cordillera. As this slab
window expanded through time, it eventually passed
beneath the magmatic arc and thus extinguished are
magmatism. The pattern of extinction observed was
close to that predicted from a knowledge of
relative plate motions.

In Early Miocene time, a continuous magmatic
arc existed along the flank of -the whole southern
Cordillera (see Fig. 1l). By wmid-Miocene tine,
northward retreat of the southern end of the
Cascades arc and southward retreat of the northern
end of the Mexican arc were well underway. At
present, no are volcanism 1s present within the
region. Instead, largely basaltic volcanism
accompanied by some less mafic igneous activity
occurs at centers scattered unsystematically
throughout the region. = This type of volcanism is
assoclated in space and time with extensional
tectonics of Basin-and-Range style.
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The characteristic structures of Basin-and-
tectonism are horsts, grabens, and tilci-
bounded by steeply-dipping normal faults,
may become listric at - depth (Stewart,

Major crustal extension s clearly
involved. The present topographic grain within the
Basin-and-Range province developed after mid-
Miocene time (Eberly and Stanley, 1978; Stewart,
1978; Shafiqullah and others, 1980), during the
period when expansion of a slab window beneath the
southern Cordillera was progressively extinguishing
arc magmatism. Much of the deformation in southern
Arizona was complete by the end of Miocene time,
whereas nearly all the deformation in the Great
Basin to the north has occurred since latest
Miocene time (Dickinson and Snyder, 1979a).

Range
blocks
which
1978).

These relations suggest that upwelling of
asthenosphere through the slab window may have
triggered uplift and extension within the Basin-
and-Range province (see Fig. 12). The inferred
extent of the region lacking a subducted slab
beneath it is virtually coextensive with the wmain
Basin-and-Range province augmented by the Colorado
Plateau and the Rio Grande rift (Dickinson and
Snyder, 1979b). The present elevation of the
southern Cordillera 1s compatible with the wview
that a subducted slab of 1lithosphere is present
beneath the Great Plains, but tapers westward to a
feather edge near the Rio Grande rift (Damon,
1979). Farther west, the elevated tracts of the
intermontane region are underlain by more buoyant
mantle, for differences in crustal thickness are
not adequate to explain the elevation difference
between reglons 1like the Colorado Plateau and the
Great Plains (Thompson and Zoback, 1979). The high
mountain knots of central Colorado and northwest
Wyoming may owe their extreme elevations to
especially pronounced thermotectonic uplift around
the apices of the Snake River plain and the Rio
Grande rift.

In any case, the present elevated character of
the southern Cordillera cannot be a property
inherited from past plate configurations or
orogenies. Most of the uplift of the modern Great
Plains has occurred since latest Miocene time
(Trimble, 1980). The broad regional uplift is thus
presumably due to thermotectonic effects related to
subduction of a spreading center in late Cenozoic
time (Damon, 1979).
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UPLIFT AND EXTENSION
OF CONTINENTAL BLOCK

TRANSFORM
FAULT

UPWELLING

TRAILING EDGE OF .
SUBDUCTED OCEANIC LITHOSPHERE

Diagram to illustrate concept of mantle upwelling through slab window to cause uplift and extension
At left, oceanic spreading rise approaches subduction zone at trench along continental
At right, encounter of rise and trench has produced transform fault as trailing edge of subducted slab

continues to descend, thus producing slab window through which asthenosphere then rises.
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BASEMENT AND SEDIMENTARY RECYCLING—2:
TIME DIMENSION TO GLOBAL TECTONICS!

JAN VEIZER? AND SIEGFRIED L. JANSEN
Derry Laboratory, Department of Geology, University of Ottawa, Ottawa, Ontario, KIN 6NS, Canada
and Department of Systems and Computer Engineering, Carleton University, Ottawa, Ontario,
K1S 5B6, Canada

ABSTRACT

If plotted on mass (volume, area, tonnage) vs. time diagrams, geologic entities—for example, continental
and oceanic crust, sediments, and mineral resources—display an exponential (power law) relationship, with
entity per unit time increasing toward the present. This relationship is consistent with the concept of
recycling and can be simulated mathematically. The authors’ approach is based on the plate tectonic theory
and considers area-age or mass-age distributions of crystalline basement and sediments for major global
tectonic realms. Each tectonic realm is characterized by a specific lifespan, which is an inverse function of
its recycling rate (b). The estimated average half-area.or half-mass ages (vs) are the following: basins of
active margins ~30 Ma, oceanic sediments ~40 Ma,z:céi\ic crust ~55 Ma, basins of passive margins ~80
Ma, immature orogenic belts ~100 Ma, mature Qrogenic belts ~380 Ma, and platforms ~380 Ma. The
corresponding parameters for continental crust are ~690'Ma for K/Ar, and ~1200 Ma for Rb/Sr and U-Th/
Pb dating pairs. For Sm/Nd 75 is = 1800 Ma, suggesting either that continental crust was growing during
geologic history and/or its recycling via mantle (or lower crust) was more vigorous prior to 2500 Ma ago.
The estimated maximal survival (or oblivion) ages for these tectonic realms are ~3-3.5 times longer than
their t5o. Tectonic diversity preserved in the geologic record is therefore a function of time, with oceanic
tectonic realms, because of their rapid recycling, underrepresented in the rocks older than ~300 Ma. Sm/Nd
isotopic systematics of sediments suggests that, for a near steady-state post-Archean sedimentary mass,
recycling is ~90 + 5% cannibalistic. This yields an estimated upper limit on crust-mantle exchange via
sediment subduction of ~1.1 £ 0.5 x 10" ga~'(~0.5 = 0.2 km?a™'); considerably less than demanded by
isotopic constraints. The discrepancy may indicate the existence of additional loci, such as orogenic beits,
for significant crust-mantle interaction.

INTRODUCTION For example, the present-day continental

The evolution of the Earth is characterized  crust is a result of agglomeration of remnants
by a combination of recurring (cyclic) and  from recurring episodes of orogenesis. In or-
superimposed unidirectional phenomena. der to understand this long-term evolution, it
The recurring, short-term phenomena leave is essential to appreciate the time scales of
behind only residual records, and the long-  the repetitive phenomena and the probabili-
term trends, as they appear to us, are usually ties of their preservation over geologic time.

a compound picture of such residual records. This dynamic understanding of the Earth is
inherent in the concept of global plate tecton-

. . . ) ics. We are aware that tectonic realms associ-
Apn.hld;:“i;ggt received October 18, 1984; revised  ated with the oceanic crust are, geologically
2 publication XX-85 of the Ottawa-Carleton speaking, euphemeral features with low pml?- :
Centre for Geoscience Studies. abilities of preservation. In contrast, tectonic
realms within present-day continents are
{JournaL or GeoLoGY, 1985, vol. 93, p. 625-643] p y

© 1985 by The University of Chicago. All rights characterized by expanded records. This sug-
reserved. gests a long-term frequency for the genera-

0022-1376/85/9306-002$1.00 tion and destruction of continental tectonic
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626 JAN VEIZER AND S. L. JANSEN

realms. In this contribution we would like to
demonstrate that recycling is amenable. to
systematic conceptual treatment. Further-
more, we shall propose estimates for the av-
erage net rates of generation and/or destruc-
tion of major global tectonic realms. This, in
turn, predicts their probabilities of preserva-

tion over geologic time, and hence their life-

spans.

CONCEPTUAL APPROACH

Our present approach js analogous to that
of population dynamics in living systems. A
natural population, characterized by a con-
tinuous birth/death cycle, is usually typified
by an age distribution similar to that in figure
1. The proportion of progressively older con-
stituent units, such as human individuals,
decreases exponentially. This exponential
(power law) decrease is due to mortality
usually being proportional to, or a first-order
function of, the size of the given age group. A
cumulative curve of such an age histogram
defines all necessary attributes of a given
population. These are its size A (here 100%),
half-life Ts5, mean age TMEANs and oblivion
age Tmax (fig. 1 and appendix 1). The above
Tso, TMEAN> and TMaXs and thus the slope of
the cumulative curve, are an inverse function
of the mortality rate; the faster the rate the
steeper the slope, because older individuals
have a lower chance of survival. For a

steady-state extant population, natality per
unit time equals combined mortality for all
age groups during the same time interval.
Consequently, the cumulative slope remains
the same but propagates into the future (fig. 1
bottom). This natality (= mortality) rate is
designated as the average recycling propor-
tionality parameter b. For growing, non-
" steady-state populations, the given b relates
directly to a specific population growth model
n (fig. 2). Usually, the b’s for most realistic
growth models (n < 3) in fast cycling popula-
tions are similar to those for the steady-state
(n = 1/=), but the integrated recycled quan-
tities of constituents D decrease with increas-
ing n. For slowly cycling systems, the results
in the subsequent text are tabulated, and the

b’s and D’s for specific n’s can be read either

directly or extrapolated from the tables. Fur-

thermore, the beginnings to (fig. 2) of popula-
tion growth and recycling for geological ap-

plications are allowed to vary between 4.5

10 YEARS IN FUTURE

dead ASHEA I

80 60 40 - 20 0
YEARS (AGE)
surviving
newly born
Fic. 1.—Theoretical age distribution for a

steady-state living system. Tsoy TMEAN: and Tpax as
in appendix 1. In this case, the natality/mortality
rate is 35% of the total population for a 10-year
interval (b = 35 x 107327 ").

and 2.7 Ga ago'for all theoretical growth mod-
els. We have to point out, however, that
other things being equal, the calculated b’s
are inversely related to time resolution; a re-
lationship of particular importance for fast-
cycling systems. For example, time resolu-
tion of 10 yrs will not even register many
individuals who were born and died before
their first census. It is therefore essen-
tial to select the simulation, time increment
(= resolution) T as close as possible to the
frequencies of natural systems. The selected
T, in million years, is identified in the text as
a superscript (¢.g., b signifies a b derived for
T = 20 Ma). As a final point, there is a funda-
mental dichotomy between the modes of cre-
ation/destruction of oceanic and continental
domains. Subduction of the oceanic crust is
consuming preferentially, although not exclu-
sively, its oldest portions, while in the conti-
nental domain (and at its margins) it is the
youngest components that contribute the
bulk of recycled material. Consequently
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FiG. 2.—Model population growth patterns (n).
The modeled n’s represent an infinite number of
growth patterns from an instantaneous generation
of the total population at'ty (n = 1/x), representing
a steady-state, to linear growth (n = 1), to an in-
stantaneous generation at present (n = «). The
models for decreasing population size (e.g., de-
creasing size of continents with time) are not con-
sidered here. For fast cycling systems (e.g., sedi-
ments and oceanic domain), solutions for b in such
models are analogous ton = /.

the preferred T for the oceanic domain is
long (=20 Ma), while for the continental do-
main it is short (<20 Ma).

The mathematics of this approach has been
presented in Veizer and Jansen (1979), and
the glossary of terms is summarized in appen-
dix 1. The most important recent contribu-
tions to the concept of recycling are: Wasser-
burg (1961), Armstrong (1968, 1981), Gregor
(1970, 1980, 1985), Garrels and Mackenzie
(1971a, 1971b), Li (1972), Sprague and Pol-
lack (1980), Sclater et al. (1980, 1981), Par-
sons (1981, 1982), Dacey and Lerman (1983),
and Thompson (1984).

The calculated model parameters, and

. specifically the b’s, are derived by least-

squares fitting of the theoretical cumulative
age distributions to the ones observed. The
conceptual geological meaning depends on
the context and will be specified in the text.
We are keenly aware that geological evolu-
tion is episodic rather than continuous and
that intervals of growth and/or destruction al-
ternate with quiescent intervals. The assump-
tions in our models are therefore not nec-

essarily the sole possible approximations, -

particularly for partial short-term records.
The scatter of points around the overall cu-
mulative curve is probably due mostly to this
factor. Such deviations are of paramount im-
portance for evaluation of partial rates of
creation vs. destruction (e.g., the rates of
sedimentation/erosion, faunal extinction,

cling. At the opposite end of the spectrum, a
continuous generation and destruction of an
entity via an external reservoir is termed an
open system recycling. In nature, most cycles
are neither entirely closed nor open. As an
example, the sedimentary cycle approaches
the former and the generation/destruction of
the oceanic crust the latter alternative.

The rates of recycling proposed in the sub-
sequent text must be considered as first-order
approximations only. Future improved data
base and theoretical treatment will yield more
sophisticated solutions. It is our hope that
this contribution will stimulate accumulation
of relevant data and a reappraisal of the con-
ceptual understanding of the geological evo-
lution of the Earth.

THEORETICAL RECYCLING RATES

In this section only the theoretical average
recycling proportionality constants (b’s) will
be presented. Their direct geological meaning
will be discussed in the subsequent text.

Oceanic Crust.—The present-day area
(mass, volume)-age distribution of the
oceanic crust is summarized in table 1 and
has been discussed previously by Berger and
Winterer (1974), Sprague and Pollack (1980),
Sclater et al. (1980, 1981), and Parsons (1981,
1982). The observed. distributions (fig. 3) in-
deed approximate the previously discussed
exponential pattern. In this paper, we shall
deal with the subject solely to derive the ap-
propriate model parameters for our system-
atics. The calculated b®®is 110 = 5§ x 10~ 1°
a~! for all realistic growth models (n < 10).
This translates into an ‘average generation/
destruction of oceanic crust of 3.4 = 0.2 km?
a”'or20.4 + 0.9km*a~1(67.3 = 3.1 x 10"

g a™"); in accord with the results of Sclater

et al. (1981), Parsons (1982), Turcotte and
Schubert (1982), and Dewey and Windley
(1981).

Continental Crust.—The distribution of
age provinces in the continental crust is

PRARE S RO R
ocs -
BASEMENT AND SEDIMENTARY RECYCLING—2 627
n=Jo=0 > generation/dispersal of mineral resources,
‘°°'§, etc.), but they do not preclude calculation of
5 the long-term - overall average rates (cf.
€ Veizer 1984).
g The term recycling, as employed in this
@ contribution, designates any process causing
£ apparent rejuvenation of a given geologic en-
E tity. If the process conserves the matter, it is
begimi;,g L t L B B presg“ 3 termed closed system (or cannibalistic) recy-
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Fi. 3.—Present-day area-age distribution of
oceanic crust.

o

poorly known for the upper crust and not at
all for the lower crust. Veizer and Jansen
(1979) and Sclater et al. (1981) compiled the
available literature data (fig. 4).

Model solutions for continental crust are
summarized in tables 3 and 4, and they
clearly depend on the assumed growth model
(n). In our preferred growth model, formation
of the continental crust was initiated (or the

crust started to be preserved) at ~4 Ga ago, .

and the major period of growth is believed to

TABLE 1
AREA-AGE DISTRIBUTION OF THE OCEAN FLOOR

Sprague and Pollack

Sclater et al. (1981) (1980)
Age Age
(in Ma) Cum. % (in Ma) Cum. %
0-4 100.00 0-5 100.1
4-9 95.7 5-23 94.4
9-20 87.9 23-38 76.7
20-35 77.9 38-65 65.5
35-52 65.5 65-100 48.9
52-65 51.7 100-135 14.5
65-80 42.2 135-180 5.7
80-95 30.2 >180 0
95-110 224
110-125 14.7
125140 9.0
140-160 4.3
160180 1.7
>180 0

Total area = 309 x 10% km? (Sclater et al. 1981).

Volume = 1854 x 10° km®. At average thickness of 6 km (Reid and
Jackson 1981).

Mass = 6118 x 107! g. At specific density of 3.3 g cm™3.

v Sclater et of. - 100
* Tugarinov & Bibikova
» Hurley & Rond 0 e
° Ronov
60 2
5
w0 E
3
20
o
2 1 o]
: Ga

Fic. 4.—Present-day area-age distribution of
continental crust. The points of Tugarinov and
Bibikova, Hurley and Rand, and Ronov as in table
1 of Veizer and Jansen (1979). The points of Sclater
et al. (1981) for 0-250, 250-800, 8001560, 1560—
3700, and =3700 Ma are 100, 82, 47, 34 and 0 cum
%, respectively. The curve for oceanic crust is
from figure 3 for comparison. The Sm/Nd mean age
is from McCulloch and Wasserburg (1978) and
Goldstein and O’Nions (1982). This Tagan is as-
sumed to equal 75y, because the areal distribution
of Sm/Nd age provinces is not known. The area of
subaerially exposed continents is at present 150 x
10° km? (Sclater et al. 1981), but inclusion of sub-
marine portions gives a total area of 200 x 10° km?
(Turcotte and Schubert 1982). Taking this latter
figure and the average thickness of 38 km (Reymer
and Schubert 1984), the total volume is 7600 x 10°
km® and the corresponding mass is 20900 x 10?' p.
The submerged portion of the continental crust is
assumed to have age distribution comparable to
that on land.

have occurred ~3~2 Ga ago (Veizer and Jan-
sen 1979; Allegre 1982; Allegre and Rousseau
1984). The solutions for this ‘‘preferred’’
modelare b= = ~3.7 + 1.3 x 10~ "%a~'for
the top enveloping curve, and ~8.5 + 0.7 x
10~ '%a~" for the bottom one. For alternative
growth models the solutions can be ex-
trapolated directly from tables 2 and 3.

For the indicated Sm/Nd curve, the solu-
tion for the steady-state model (n = 1/) is
b=*® = ~4 x 107'°a~", while for the *pre-

ferred”’ growth model it is ~2.1 = 1.0 x

10719 a-1,

Global Sedimentary Mass.—The present-
day age distribution of the global sedimentary
mass is summarized in table 4 and figure 5.
The major uncertainty is in the pre-1600 Ma
value, but to the best of our knowledge no
better data is available. The calculated model
parameters are summarized in table 5.

Although essential for balance calcula-
tions, the global recycling parameters are
nevertheless somewhat misleading as they
represent an amalgam of two sedimentary
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1 100 TABLE 2
80, UPPER ENVELOPE SIMULATION RECYCLING OF THE CONTINENTAL CRUST AREAL DISTRIBUTION
60 % n
L 3 b
L 405 (Ma) 1/e0 1120 1/10 1/5 13 12 1 2 3 5 10
[ 20 4500 b 70 70 68 64 S9 S3 35 4
| D 3.15 3.0 2.8 2.4 2.0 1.6 .8 .
lo 4050 b 7.0 6.9 6.7 6.1 5.5 4.8 3.0 AN
0 D 2.8 2.7 25 2.1 1.9 1.3 .6
sution of Note.—Definition of l?rms is given in Appendix 1. An le of reading is as follows: For a linearly growing continental crust tin=1),
o starting at the time of the formation of the Earth (tg = 4500 Ma B.P.) the-average recycling parameter b, required to generate the present-day
mov gnd . distribution of age provinces (fig. 4), is ~3.5 x 10~'9a~, and the recycled quantity D is equivalent to 0.8 of the present-day continental area
ts in table (mass, volume). The results of simulations for fast cycling systems (e.g., oceanic crust) are not tabul d, b all realisti jons result in
of Sclater identical b. These solutions are therefore discussed in the text only. Recycling increment T = 10 Ma. but the solutions are similar for T = 1--50
60, 1560~ Ma.
nd 0 cum
: crust is
mean age TABLE 3
978253:: Lower ENVELOPE SIMULATION RECYCLING OF THE CONTINENTAL CRUST AREAL DisTriBUTION L
AN - -
stribution
1€ area of n
nt 150 x b
n of sub- (in Ma) V= 120 110 US 13 1R ! 2 3 5
; .
< .'0‘; km 4500 b 102 100 99 96 92 87 74 47 a1
'“l; atter D 4.6 43 4.0 36 31 26 L7 i 2
{ ey";g{, 4050 b 10.2 10.0 9.8 9.5 9.1 8.5 6.9 3.9 1.1 7
")’(01’62, o D 4.1 3.9 3.6 32 28 23 14 Ki 1
2" -
ll c’;;St tls ) Nore.—Explanations as in table 2. Recycling increment T = 10 Ma. but the solutions are similar for T = 1-50 Ma. -
araole to
systems, continent- and ocean-based. The 100
dJ former is liable to be recycled at a slower and i
mu a:;x the latter at a faster rate than the global av-
ousse
:ferred”’ erage. o0
5o - . Continental Sedimentary Mass.—The age | .
‘_a 7 or distribution of continental sediments is sum- 2 continental sediments 3
£ 0. X marized in table 4 and figure 5. The calculated L 60 T
elr)-natlve model parameters are presented in table 6. L e
3 ¢ ex- However, the size of the continental (and 2
0 : i global) sedimentary mass is principally a “°‘:_g—,
.e /SO u- function of the extent and freebord of the g
) lf’) 1s buoyant continental crust (Veizer and Jansen 3
1 . (;’ re- 1979; Veizer 1983). It is therefore reasonable 20
0 X to assume that the growth of the continental global sediments i
sedimentary mass approximated that of the . Z oceonic sediments
present- . . e 11} r T v —1- o
continental crust itself. If our *‘preferred 1500 1000 500 A
nentary growth pattern is accepted as the first-order Ma o
igure 5. approximation of n, the calculated b= = l’;‘:]-'ss—ﬁl”:s:‘;t'g:g cl'nas;-?ge g!smbt“m"s of -
600 Ma ~16.2 + 1.1 X 1071 a"! and the respective  &i°bal: continental, ceanic sediments.
;ldgz;(; recycled D equals ~3.7 + 0.5 times the pres- _
5 mode ent-day continental sedimentary mass. This  the deeply buried sediments may have been
) alcul translates into recycling of ~3.0 + 0.3 x 10* recycled at the same slow rate as the underly-
ca‘cuia- g (~1.2 = 0.1 km’®) of sediments per year. - ing basement (b ~8.5 = 0.7 x 1010 5-1),
ers l?re The above rates are, however, only aver-  while the uppermost layer (10~100 m thick)
1a1$ent ey age values for the entire continental sedimen- has been cycled at a much faster rate, ~70 +

tary column. Within this sedimentary pile, 20 x 10~ a~!. The latter value has been
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TABLE 4 .
PRESENT-DAY Mass-AGE DISTRIBUTION OF GLoBAL, CONTINENTAL, AND OCEANIC UNMETAMORPHOSED SEDIMENTS
Global Sediments Continental Sediments QOceanic Sediments" B &
Age " Mass Mass Mass -.i__ :
! (Ma) (10*'g) Cum. % (10¥'g) Cum. % (10%'g) Cum. % . o
Cenozoic ll 0-66 576.9 1001 140.0 00.1 284.7 100.0 ' -
Cretaceous ‘ 66-132 428.5 78.7 205.4 92.7 90.1 24.3
Jurassic 132-185 228.2 62.8 152.1 81.8 ’ 1.1 -3
Triassic 185-235 140.8 54.3 105.1 73.7
Permian 235-280 108.8 . 49.1 99.6 68.1
Carboniferous 280-345 137.7 45.1 129.7 62.8
Devonian 345-400 181.6 40.0 166.7 55.9
Silurian 400--435 67.8 33.3 65.1 47.0
Ordovician 435-490 97.8 30.8 " 926 43.5
Cambrian 490-570 157.4 27.2 150.0 38.6
:Vendian 570-680 75.1 21.4 75.1 30.6
U. Riphean 680-1100 124.3 18.6 124.3 26.6
L. & M. Riphean 1100-1600 66.4 14.0 66.4 20.0
>1600 310.0 1.5 310.0° 16.5
> 2701.3 1882.1 375.9

Sources.—The Phanerozoic part after Gregor (1985). and the Precambrian part after Ronov (1980, table 7). N
* The mass of sediments older than 1600 m.y. has been obtained as a difference between the total mass of sediments on continents (1.89 x_10*g) and the mass of sediments on continents younger than 1600

Ma (1.57 x 10%g) (Ronov 1980, tables 10 and 7, respectively). The sum of Phanerozoic sediments on continents by Gregor is 0.1 x 10™g higher than that of Ronov.
b passive margins excluded.
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BASEMENT AND SEDIMENTARY RECYCLING—2

calculated from area-age distribution of
surficial sediments (Higgs and Gilluly and
Blatt and Jones curves in Veizer and Jansen
1979) for 1 Ma incremental recycling.

Oceanic Sediments.—The mass-age distri-
bution of oceanic sediments is summarized in
table 4 and figure 5. The model average b is
~142 x 10~'®a~! for increments of recycling
=30 Ma. These long increments are essential
because, as with oceanic crust, older sedi-
ments are preferentially recycled. Thus, the
rate of recycling of oceanic sediments ex-
ceeds, by one order of magnitude, that of the
continental sediments. The recycled mass is,
therefore, ~5.3 x 10 ga~! (~2.1 km*a~")
and the minimal D, recycled during the entire
geologic history, is =64 present-day oceanic
sediment masses.

631
TABLE 5
SIMULATION OF RECYCLING FOR GLOBAL SEDIMENTARY Mass
n
to
(in Ma) 1/ 1/20 1/10 1/5 173 12 1 2 3 5 10
4500 b 42.8 428 426 42.4 42.1 41.7 40.6 383 35.9 31.3 19.8
D 19.3 18.3 17.4 15.9 14.2 12.5 9.1 5.7 4.0 2.4 0.8
4050 b 42.8 428 426 424 42.0 416 40.3 37.7 35.1 30.0 17.1
D 17.3 16.5 15.7 14.3 12.8 1.2 8.2 5.1 3.6 2.0 0.6
3600 b 427 427 42.6 4.3 41.9 41.4 40.0 37.0 34.1 28.3 13.7
D 15.4 14.7 13.9 12.7 1.3 10.0 7.2 4.4 3.1 1.7 0.5
3150 b 42.7 42.7 425 42.2 418 41.2 39.5 36.1 32.8 26.0 9.2
D 13.5 12.8 12.2 1.1 9.9 8.7 6.2 3.8 2.6 1.4 0.3
2700 b 42.7 42.7 425 4.1 41.6 409 38.9 349 310 23.0 3.2
D 1L 1.0 10.4 9.5 8.4 7.4 5.3 3.1 2.1 1.0 0.1
Note.—Explanations as in table 2. Recycling increment is | Ma, but the results for T = 1-10 Ma differ only marginally.
TABLE 6
SIMULATION OF RECYCLING FOR CONTINENTAL SEDIMENTS
n
to
(in Ma) Vec 120 1/10 1/5 173 172 1 2 3 5 10
4500 b 13.9 13.3 13.2 13.0 12.8 12.5 11.6 10.0 8.6 6.1 0.0
D 63 5.7 54 4.9 4.3 3.7 2.6 1.5 1.0 0.5 0.0
4050 b 13.9 13.3 13.2 13.0 12.7 12.4 i1.5 10.0 8.8 5.9 0.0
D 5.4 5.1 4.8 4.4 39 3.3 2.3 1.3 0.9 0.4 0.0
3600 b 13.9 13.3 13.2 13.0 12.7 12.3 11.4 10.2 9.1 54
D 4.8 4.5 4.3 39 34 2.9 2.0 1.2 0.8 0.3
3150 b 13.4 13.3 13.2 12.9 12.6 12.3 11.6 10.8 9.2 4.4
D 4.2 39 3.7 34 3.0 2.6 1.8 1.1 0.7 0.2
2700 b 13.4 13.3 13.2 12.9 12.7 12.5 12.5 11.5 9.0 2.7 *
D 3.6 34 3.2 29 2.5 2.2 1.7 1.0 0.6 0.1
Note.—Explanations as in table 2. Recycling increment T = 1 Ma.

GLOBAL TECTONIC REALMS AND THEIR
RECYCLING RATES

The previously discussed total continental
and oceanic rates are of considerable impor-
tance for global balance calculations. They
do not, however, give a proper appreciation
of the constraints for major tectonic realms,
as defined by the tenets of global plate tecton-
ics. In the subsequent discussion we shall

recognize the following tectonic realms (Scla- -

ter et al. 1980; Gregor 1985; Ronov et al.
1980): (1) deep ocean floor, comprising abys-

.sal and pelagic environments and covering

281.7 x 10% km?; (2) active margin basins,
separated from (1) by tectonic barriers (e.g.,
backarc basins, Caribbean, Mediterranean)
and accounting for 26.9 x 10° km?; (3) pas-
sive margin basins with the area of 52.2 x 10°

!
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km?; (4) orogenic belts (geosynclines) with
the subaerial extent of 27 x 1¢¢ km?; and (5)
platforms, with the subaerial extent of 123 x
10° km?. From the above tectonic realms, the
types (1) and (2) are mostly developed on
oceanic crust, and the types (3) to (5) on con-
tinental crust.

Sediments of the Abyssal and Pelagic
Realm.—The present-day mass-age distribu-
tion of abyssal and pelagic sediments is sum-
marized in table 7 and figure 6. The lack of
sediments older than Jurassic clearly points
to a fast recycling rate, if compared to the
terrestrial time scale. It is therefore not sur-
prising that, for any marginally realistic
growth model, the calculated rates of recy-
cling (b’s) at =30 Ma increments are practi-
cally unchanged. The post-Triassic steady-
state b is therefore ~126 x 10=192~! This is
only slightly faster than-that of the oceanic
crust (110 = 5 x 107131 This agreement
is not surprising, since ocean floor creation
and destruction is the major cause of sedi-
ment recycling. The above b’s suggest that
287% of sediment recycling is due to this
cause, with the remainder related to other
factors such as bottom current scouring and
dissolution of biogenic sediments (see also
Moore and Heath 1977). In addition, the bulk
of these sediments has been deposited on the
already aged ocean floor, thus leading to a
shorter lifespan (faster recycling).

Sediments in Basins of Active Margins.—
Sediments of this tectonic realm form a
heterogeneous assemblage related not only to
intraoceanic back-arc basins, but also to relic
ancient oceans with a substantial sialic com-
ponent (e.g., the Mediterranean) and their
mass-age distribution is summarized in table
7 and figure 6.

The calculated b depends strongly on the
duration of the simulation increment T. The
proximity to continental margin, causing
preferential recycling of the youngest sedi-
ments, favors a T of short duration. In rare
instances, however, the associated ocean
floor spreading, coupled with subduction,
may demand a long T component. For simu-
lation increments of 1-35 Ma, the possible b
values are ~223 + 51 x 10-10,-1 This sug-
gests ~3.2 £ 0.9 x 10 ga~1 (1.3 = 0.3 km?
a~") as the recycled amount.

Sediments in Basins of Passive Margins.—
The mass-age distribution of sediments in

%

Cumulative

FiG. 6.—Present-day mass-age distributions of
sediments in abyssal and pelagic realm, active mar-
gin basins, and passive margin basins.

this tectonic realm is also summarized in
table 7 and figure 6. The calculated b<3 is 88
% 8 x 107" a~". This translates to a recy-
cling flux of ~3.0 + 0.2 x 10¥ga~t(~12 =+
0.1 km3a—"),

Sediments in Other Tectonic Settings.—
Sediments assigned to the residual oceanic

~ environments, principally deep sea fans, con-

stitute only a smal] portion of the sedimen-
tary mass (table 7). Although their rate of re-
cycling is fast (b ~230 + 55 x 19-10 a™ly,
they are of subordinate significance in the
overall budget. However, the similarity of the
calculated b to that for sediments in basins of
active margins may not be entirely fortuitous.

Sediments in Continental Orogenic
Belts.—The present-day mass-age distribu-
tion of sediments in orogenic belts subaerially
exposed within the confines of today’s conti-
nents is summarized in table 7 and figure 7.
Model solutions are presented in table §.
However, the continents have been growing
via accretion of successive orogenic belts.
Consequently our “‘preferred’” growth model
is considered to be the most likely approxi-
mation of n. In this case b' = 18.4 + .5 x
1071%2~! and the corresponding D = 4.3 +
L.0. This b translates into recycling of ~2.5
X 10%ga~! (~1 km3 a1,

Sediments on Platforms.—The mass-age
distribution of platformal sediments (table 7
and fig. 7) mimics that of the orogenic belts,
and the calculated Parameters are therefore
almost identical (table 9). The b for our
“*preferred’’ growth patternis ~18.6 *+ 0.5 x
107" a~!, giving a recycled mass of 1.0 x

:
i
i
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TABLE 7

Mass-

g
Cumulative

%

Abyssal and Active Other oceanic Continental
pelagic margin’ sediments (deep Passive margin orogenic . :
sediments® basins® sea fans)® basins® belts® Platforms®
_— T —_—_ —_
Mass Mass Mass ass Mass Mass
(10" g) Cum. % 10 g) Cum. % (10" &) Cum. % 10" g) Cum. % (10 g) Cum. o (10" g) Cum. 9%
149.7 100.0 121.8 100.0 13.2 100.0 140.4 100.0 87 100.0 46 100.0 ;
65.7 30.8 2272 15.4 2.2 14.3 114.3 58.3 121 93.6 81 91.5 H
1.1 .5 e . e, 65.3 24.4 92 84.6 49 76.5
16.8 5.0 83 77.8 35 67.4 ,
79 71.7 27 60.9
106 65.8 28 55.9
150 57.9 36 50.7
47 46.8 1 4.0
72 43.3 19 42,0
99 38.0 39 38.5
414¢ 30.7 169¢ 313

: Gregof (1985); ® Ronov et al. (1980, table 1). Volume data recalculated to mass and prorated 1o 8ive a Phanerozoic sedimentary mass of 1306 x j0*
Ronov et al. (1980) are likely due 1o the inc

v (1980, table 7). See also table 4 for additiona) explanations.

336.8

13504

g (see conlig
lusion of volcanics in their table: ¢ Estimated as a difference between the totals (1350 and 540 x 10°

540°

ental sediments in table 4). The
'g fespectively) and the sums of
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Fi6. 7.—Present-day mass-age distributions of
sediments in orogenic belts and platforms. *‘Last
tectono-thermal episodes’ from Sprague and Pol-
lack (1980).

10” ga~' (0.4 km® a~'). These observations
are surprising, since geological intuition
favors higher rates of erosion and/or (ul-
tra)metamorphism for orogenic belts than
platforms. This may be due to the fact that
the sediments of immature orogenic belts
(e.g., the Andean, Cordilleran, and similar
types of mountain chains), which contribute
to the bulk of erosion, account for only a sub-
ordinate part of the total mass of sediments in
orogenic belts. If so, and providing the esti- -
mates of Ronov (1980) are correct, mature
and worn down orogenic belts and platforms
are both integral parts of the stable continen-
tal crust. They therefore respond in a similar

manner to perturbations. These perturbations
appear to have been tectonically induced

-since the curve of the so called ‘“last tectono-

thermal’ episodes for a given area of conti-
nental crust (fig. 7) has a similar, or only
slightly steeper, slope to that of platform and
geosynclinal sediments. The calculated b
for this curve is ~19 = 3 x 10~ 5!,

Immature Orogenic Belts.—Because of the
lack of direct measurements, the rate of recy-
cling for immature orogenic belts must be es-
timated through other criteria such as the age
distribution pattern of associated ores. The
volcano-plutonic activity in emerging oro-
genic belts is accompanied by the develop-
ment of an aureole of hydrothermal vein de-
posits such as Pb, Zn, Cu, Au, Sn, and Fe.
These deposits have been formed originally
at depths of ~3~10 km (Laznicka 1973). With
continuing isostatic uplift of young mountain
chains, the progressively deeper erosion
levels lead to dispersal of the associated ores
as well. This causes a decrease of reserves
with increasing age. Since the uplift is rapid
at first, and declines exponentially with time
as the permanent thickness for a stable con-
tinental crust is approached, the age-
distribution of ore reserves should approxi-
mate an exponential funiction, as indeed is the
case (table 10 and fig. 8).

The calculated b="?is 118 + 8 x 10~ 93!
for the lower envelope and 51 + 3 x 10~1¢
a~! for the upper envelope (fig. 8). This gives
an average b of ~85 + 35 x 10719 a~! a
value indistinguishable from that of the pas-
sive margins. Consequently, passive margins

TABLE 8
SIMULATION OF RECYCLING FOR OROGENIC BELTS

n
to .
(in Ma) V= 120 110 177 15 173 12 1 2 3 5 710
4500 b 193 192 194 190 189 185 182 17.0 147 123 7.7 *
D 8.7 8.2 7.8 7.5 7.1 6.3 5.4 38 2.2 1.4 06 *
4050 b 193 192 191 189 188 185 180 167 4.1 I1.5 6.3 *
D 7.8 7.4 7.0 6.7 63 5.6 4.9 34 1.9 1.2 4 *
3600 b 193 192 190 189 187 183 178 164 134 104 4.5 *
D 7.0 6.6 6.2 5.9 56 4.9 4.3 2.9 1.6 9 3 *
3750 b 193 191 190 188 186 182 17.6 159 125 9.0 2.1 *
D 6.1 5.7 5.4 5.2 4.9 4.3 3.7 2.5 1.3 7 .1 *
2700 b 193 191 189 187 185 180 173 153 11.2 7.1 *
» D 5.2 4.9 4.6 4.4 4.2 3.6 31 2.1 1.0 .5 *

' Nore.—Explanations as in table2. Recycling increment T = 10 Ma.

1 ¢ e ItV A § g b, i - A s 4 e ey
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BASE

to — e
(in Ma) 1/ 112

4500 b 190 18.
D 8.5 8.
4050 b 190 I8,
D 7.7 7.
3600 b 190 18.
D 6.9 6.

Note.—Explanations as in table 2

and young mountain bel
pressions of the same qu:
of sedimentation, orogene
at the continent-ocean in

SYNOPSIS OF RECYCLING R,
OF TECTONIC

The summary of resen
rates, fluxes, and half-liv
11. We emphasize that th
10-107 years’ resolution
for time scales with shc
larger than the quoted v.
sentation of recycling rat
(1s0), as taken from figw
the theoretically predic
values are in good agree
steady-state situation (n
ment is nearly complete,
deviation at fast recycling
sis is consistent with the e

. damental tectonic domai

* Pb
o Zn
» Cu
v Sn

e Au

Fic. 8.—Present-day rese
of hydrothermal vein deposi:




erturbations
lly induced
last tectono-
‘ea of conti-
lar, or only
latform and
alculated b
i0 a~ I.
cause of the
rate of recy-
must be es-
h as the age
1 ores. The
erging oro-
1e develop-
1al vein de-
»n, and Fe.
1 originally
1973). With
g mountain
er erosion
ciated ores
of reserves
lift is rapid
/ with time
stable con-
the age-
d approxi-
deed is the

10~ 10 a" |
3 x 10710
This gives
-10 a~!, a
f the pas-
/€ margins

[« =N ] w
=

A
—e— WAL WA
R K R K E % ®

* *

Ut

-BASEMENT AND SEDIMENTARY RECYCLING—2 635

TABLE 9
SIMULATION OF RECYCLING FOR PLATFORMS

to

(in Ma) Vo 1720 1/10 177 s 173 172 1 2 3 5 10
4500 b 190 189 188 187 185 182 178 167 143 120 7.3 *
D 8.5 8.1 7.7 7.3 6.9 6.1 5.3 3.7 2.1 1.3 .6 *

4050 b 190 189 187 186 185 18.1 177 164 138 11.2 59 *
D 7.7 7.3 6.9 6.6 6.2 5.5 4.8 33 1.9 i1 4 *

3600 b 190 188 187 186 184 180 175 160 13.1 101 4.1 *
D 6.9 6.4 6.1 5.8 5.5 4.9 4.2 29 1.6 9 3 *

Note.—Explanations as in table 2. Recycling increment T = 10 Ma.

and young mountain belts are only two ex-
pressions of the same quasi-continuous cycle
of sedimentation, orogenesis, and destruction
at the continent-ocean interface.

SYNOPSIS OF RECYCLING RATES AND LIFESPANS
OF TECTONIC REALMS

The summary of reservoir sizes, recycling

" rates, fluxes, and half-lives is given in table

11. We emphasize that these are net rates for
10°-10 years’ resolution, and the net fluxes
for time scales with shorter resolution are
larger than the quoted values. Graphic pre-
sentation of recycling rates (b) and half-lives
(Ts0), as taken from figures 3-8, shows that
the theoretically predicted and measured
values are in good agreement (fig. 9). For a
steady-state situation (n = 1/x) the agree-
ment is nearly compiete, except for a slight
deviation at fast recycling rates. This synop-
sis is consistent with the existence of two fun-
damental tectonic domains, the continental
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FiG. 8.—Present-day reserves-age distributions
of hydrothermal vein deposits.

and the oceanic one, with a transition at b
~40 x 107" a~! and 75 ~225 Ma. Since
global sediments are an amalgam of continen-
tal and oceanic ones, it is not surprising that
they plot on this intercept. Furthermore, the
results suggest that mountain building, as ex-
emplified by immature orogenic belts, is re-
lated to the oceanic and not the continental
tectonic domain. If so, sea floor spreading
and peripheral orogenies are coupled and,
following the uplift, mountain ranges are
eroded back into the ocean. Sprague and Pol-
lack (1980) hinted at this solution by pro-
posing that their age distribution of ‘‘last
tectono-thermal events’’ on continents was
coupled to sea floor spreading by a factor of
0.15.

The above relationship (table 11, fig. 9) also
predicts the likely maximum lifespan, or ob-
livion age Tmax, for a given tectonic realm.
Empirically, Tmax is 3 to 3.5 times 75. Con-
sequently basins of active margins will
completely succumb to destructive forces
of combined erosion, tectonic shortening,
metamorphism, magmatism, plutonism, and
subduction in less than ~100 Ma, oceanic
sediments in ~130 Ma, oceanic crust in ~180
Ma, passive margin basins in ~270 Ma, and
immature orogenic belts in <300 Ma. In con-
trast, ~1300 Ma is required for obliteration of
newly deposited platform sequences and of
the residuat roots of former orogens, through
surface erosion and deep-seated (ul-
tra)metamorphism. The consequences for the
continental crystalline basement will be dis-
cussed in a subsequent section.

The general shift to somewhat lesser b’s
than the theoretical ones (fig. 9) is mostly a
consequence of model considerations. For
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TABLE lO.

°s
Ky
AGE DISTRIBUTION oF HYDROTHERMAL VEIN DEposiTS ASSOCIATED WITH OROGENIC <
- . YoLcaNo-PLuTONIC CoMpLEXES E
L
Cum. % o
Age
(in Ma) Pb Zn Cu Sn Fe Au®
0-38 9.9 100.1 100.0 100.0 100.0 100.0
38-100 62.9 66.8 90.2 76.2 98.8 66.3
100~225 48.8 39.7 21.1 57.3 84.2 335
225-325 4.2 30.2 13.8 25.2 20.1 25.6
325-435 . 145 7.3 6.2 5.7 18.1 18.8 -‘5’ 273
435-570 8.3 7.0 3.0 39 14.5 5.3 TEQ
570-900 1.3 6.8 1.5 3.4 12.2 888
900~1500 9 8 1.0 1.7 © 73 <o
1500-2000 7 .3 .9 .9 ...
2000-2500 2 .. 3 4
2500-3000 2 .1 .2
>3000 .. ..
=(10%) 98659 130651 282420 8376 1233 25141

Note.~Cumulative percentages with respect to known global reservers for this type of ores. Based on MANIFILE (Laznicka 1973, 1981)
and personal file of P. Laznicka.

* Au ores of this type show a distinct bimodal distributi
population is included here.

(two subtypes), with a break during the 570~900 Ma interval. Only the Phanerozoic
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Fi16. 9.—Plot of the observed half-mass and half-area ages (7s0) and of recycling rates for major global
tectonic realms. Crosses represent solutions for the *

circles give results for the steady-state alternative (n = 1/; t,

identical at b = 40 x 10-10 5-1_ Continental crust — 200, —

bottom enveloping curve, the top enveloping curve, and the
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‘preferred*’ model of continental growth, while the

= 4.5 Ga). The two limiting solutions are
600, and Sm/Nd represent solutions for the

Sm/Nd curve in figure 4, respectively.
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TABLE 11
. Si1zes oF RESERVOIRS, THEIR RECYCLING RATES, FLUXES, AND HALF-LivES * y
Absolute
*“‘Preferred”’ recycling quantity
Size _ constant b recycled Observed 15"
Reservoir (x 10*' g) (x 10722 (x 10%ga™") (Ma)
Oceanic crust 6118 - 110 x5 67.3 + 3.1 ~55
20900
Continental crust [200 x 10° km?} _
I recycled via mantle (Sm/Nd) 2.1 1.0 .04 = 02km?a! <1800 ‘
II involved in high-grade meta- 37+13 07 = 03 km?a! ~1200 ' e
morphism (=600°C) + 1 IR
I involved in low-grade meta- 85+ .7 A7 = At km?a~! ~690
G morphism (=200°C) + 1
2
+ 11
““Sediments _ '
global sediments 2701 40 + 3 108 =+ 8 ~235
continental sediments 1882 16.2 = 1.1 30+ 3 ~375
oceanic sediments (m}nus 376 142 53 ~45
passive margins)
Global tectonic realms (sediments) -
abyssal and pelagic 217 : 126 2.7 ~40
active margin basins 144 223 + 51 32+ 9 ~30
deep sea fans 15 230 = 55 03 = .1 ~25
passive margin basins’ 337 88 + 8 30+ .2 ~80
immature orogenic belts 85 + 35 ~100 (50-190)
mature orogenic belts <1350 184 = .5 <2.5 ~380
platforms 540 . 186 + .5 1.0 ~380
* Figures 2-8.
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continental tectonic 'domain, the: recycling
rates necessary to generate the present-day
observed age distributions are less for grow-
ing (e.g., the ““preferred”’ growth mode of n
= 0.5-2) than for instantaneously generated
steady-state continents. At rates of recycling
=20 x 1072~ the solutions are indepen-
dent of growth assumptions but become sep-
sitive to the length of simulation interval T,
Longer T, as employed in the simulation of
recycling within the oceanic domain (see the

section Conceptual Approach), results in
lesser b.

CONTINENTAL BASEMENT AND ITS RECYCLING

It is likely that some continental crystalline
basement is reinjected into the mantle either
. via erosion and sediment subduction or possi-
bly in a more direct manner, However, the
major mode of basement recycling is in-
tracrustal rejuvenation (resetting) of ra-
diometric ages by melting and metamorphic
* events. From figure 4 it is evident that the
apparent mean ages Tvgan of the continental
crust (~0.9 and ~1.4 Ga respectively for the
bottom and top envelopes) are considerably
less than 7,y values of ~2-3 Ga based on
crust-mantle isotopic balance calculations
(e.g., Zartman and Doe 1981; Jacobsen and
Wasserburg 1981; Allegre 1982; Taylor and
McLennan 1985). Although this discrepancy
may partially be blamed on the unsatisfactory
data base, the major culprit is likely the
above intracrustal resetting of radiometric
ages. Crust-mantle transport models are in-
sensitive to this consideration. '
The closure temperatures for K/Ar in
feldspars and micas at intermediate cooling
rates are ~210 + 50°C (Harrison et al. 1979),
and for Rb/Sr (and perhaps U-Th/Pb) they are
at near-melting metamorphic pressures and
temperatures of =600°C (Van Breemen and
Dallmeyer 1984), Today’s near-surface rocks
are statistically more likely to have been sub-
jected to a temperature of =210°C (zeolite
facies) than =600°C (amphibolite-granulite
facies), and the rate of intracrustal rejuvena-
tion of K/Arages should therefore exceed that of
Rb/Sr (and U-Th/Pb). The Sm/Nd dating pair
should essentially be impervious to intracrus-
tal resetting (e.g., McCulloch and Wasser-
burg 1978). If $0, Tmean for areal extent of
tectonic provinces should decrease in the se-
quence Sm/Nd > U-Th/Pb = Rb/Sr > K/Ar.

The tentative age distribution pattern in
figure 4 is consistent with this proposition.
The steeper bottom curve reflects stabilizing
and cooling episodes (cratom'zation) (Ronov
1976), as encoded chiefly in K/Ar age prov-
inces (Hurley and Rand 1969). The upper
curve may represent the areal distribution of
age provinces as defined by the more reten-
tive U-Th/Pb and Rb/Sr dating techniques. In
accord with the theory, the indicated Sm/Nd
TMEAN (McCullo_ch and Wass_erburg 1978; Al-
légre and Rousseau 1984; Goldstein et al. 1984)
exceeds both of the above estimates and ap-
proaches the estimates from isotopic trans-
port models.

The calculated recycling parameters for the
advocated interpretation are collated in table
11. Because of the lack of knowledge of the
age structure in the deeper crust, it is impos-
sible to convert these values into volumetric
estimates. However, the indicated Sm/Nd
T™™EAN (~Tsp) places some constraints on the
evolution of the continental crust. Accepting
an instantaneous crustal generation at 4.5 Ga
ago, the steady-state b would have to be ~4
X 107" a~! In such a population, any ran-
dom sampling of continental crust should re-
sult in ~20% of all Sm/Nd ages being in the
4.5-3.5 Garange. This, quite evidently, is not
the case. Consequently, either the continents
were growing during geologic history, or the

rate of their recycling into the mantle (or
lower crust) prior to the Proterozoic has ex-
ceeded the steady-state value ‘of b,

LIFESPAN OF IMMATURE OROGENIC BELTS

As stated previously, the oblivion age Tmax
for a given tectonic realm is usually a factor
of 3-3.5 of its 7g. The predicted and ob-
served oblivion ages for most realms are
comparable (cf. figs. 3~7 with table 11), but
the age distribution of hydrothermal vein de-
posits (fig. 8) is a notable exception. Theoreti-
cally, the Tyux of immature orogenic belts
should be ~300 Ma. This theoretical limit is
Supported also by the observation that ther-
mal perturbations have no effect in the contj-
nental lithosphere over time spans greater
than ~200-300 Ma (Sclater et al. 1981). Con-
sequently, the upper crustal materials, with
elevated concentrations of heat generating
elements, have been eroded within this time
constant. As discussed previously (see Im-
mature Orogenic Belts), the local erosion of a

.
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specific orogenic belt (b*) declines exponen-
tially with time, since the rate of uplift slows
down as the equilibrium crustal thickness is
approached. The b* is therefore a function of
time and of b and can be calculated from a
formula in appendix 1. Note that the average
recycling proportionality parameter, b, for
immature orogenic belts is a constant, and it
is only the total relief to which this constant is
applied that is diminishing. The bulk of ero-
sion is always confined to the youngest and
highest mountain chains. These dynamics en-
able a near-constant global erosional flux,
while at the same time the local rate of ero-
sion for a single chain (b*) declines exponen-
tially as this chain ages. If the rate of local
erosion continues to diminish at a given b, the
b* would eventually have to become less than
the erosion rates for the adjacent, worn-
down, former orogenic belts and platforms
(fig. 10). This is an unlikely proposition, since
with the attainment of an equilibrium thick-
ness (~35 km), the remaining root of the for-
mer immature orogenic belt will become part
of the continental domain and behave as a
newly accreted portion of it. In other words,
its recycling rate will be that of the successor
tectonic realm (mature orogenic belt). If the
newly accreted block were decoupled from
the continent itself, the time of transition ()
(fig. 10 and appendix 1) would be reached at
~180 Ma.

In the more likely alternative of coupling to
continent, both reaims will eventually recycle
at an equal apparent rate (time of equality
te) (fig. 10 and appendix 1). Solution for te
yields ~230 Ma. Thus, both estimates are
well within the range of the anticipated
theoretical limits. Consequently the preser-
vation of associated ores beyond this age
limit (fig. 8) is a consequence of the transfer

IOOT
o Nb=8sx107%"
2 41 { b=18.5x107°c"
£ ] ty
< | £
o] — ——m—
0 100 200 300 400
Ma future

FiG. 10.—Variation of local erosional rate b*
with time. Time of transition (tr) and time of equal-
ity (tg) as in the text and Appendix 1. Recycling
increment 10 Ma. .

of a residual root section of the former imma-
ture orogenic belt into continental domain:

CANNIBALISM OF SEDIMENTARY CYCLE AND
CRUST-MANTLE FLUX

In our previous paper (fig. 12 in Veizer and
Jansen 1979) we proposed that Sm/Nd model
ages -of multicycle sediments must exceed
their stratigraphic ages and the age difference
A (Appendix 1) should increase toward the
present. The Sm/Nd model age records the
time of the derivation of a sediment precursor
from the chondritic mantle. Since subsequent
crustal history does not aiter the Sm/Nd ratio
(McCulloch and Wasserburg 1978), this age
will be perpetuated despite later intracrustal
and sedimentary recycling. With repeated re-
cycling, the A will grow as the sediment be-
comes stratigraphically younger. Subsequent
analytical work (O’Nions et al. 1983; Allegre
and Rousseau 1984; Goldstein et al. 1984;
Michard et al. 1985) confirmed our predic-
tions, and these measurements are sum-
marized in figure 11. The measurements indi-
cate that the A is <250 Ma for sediments
older than ~2.0-2.5 Ga and increases after-
wards to ~1.4 = 0.4 Ga for modern sedi-
ments. The above authors interpreted their
data in terms of crustal residence ages, with
an implication that they reflect the evolution
of the crystalline crustal source. We concur
that the ~1.4 = 0.4 Ga is a measure of the
average ultimate provenance and thus of the
Tmean Of the continental crust. We dissent,
however, with the proposition that the ob-
served post-Archean pattern records details
of crustal evolution. The rate of sediment-
sediment recycling is much faster than the.
cycle of metamorphism-erosion in the crys-
talline basement (see sediments vs. continen-
tal crust —200 and — 600 in fig. 9). The over-
all post-Archean secular evolution of A is
therefore essentially a function of the degree
of cannibalism in the sedimentary cycle. In
order to lower the Sm/Nd age, and thus the
4, it is essential to add material to the sedi-
ments from a younger mantle-derived precur-
sor. The amount of young material that can
be incorporated into sedimentary cycle is,
however, constrained by the degree of can-
nibalism. The more cannibalistic (less open)
the sedimentary system, the less the contri-
bution of young materials to “‘new’ sedi-
ments and the steeper the age slope of the A.
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_The first-order features- in figure 1 can be

explained if the - Archean were dominated

mostly by the growth of the first cycle
‘sedimentary mass from erosion of the con-
temporaneous young: (<250 Ma old) igneous
precursors. Subsequent to a large degree of
cratonization, and establishment of 3 near
present-day global sedimentary mass at ~2.5
* 0.3 Ga ago, recycling became the domi-
nant feature of sediment evolution (cf, also
Veizer 1983; Goldstein et aj. 1984; Michard et
al. 1985). With the b for the global sedimen-
tary mass of ~40 x 19-10 a~!, the degree of
cannibalism required to produce the ob-

3 2 1
Stratigraphic age  (Ga)

FiG. 11.—Excess of Sm/Nd model ages for sedj-
ments over their stratigraphic ages (A). (a) Theoret-
ical calculations of the A-age slopes are based on
the following assumptions. With the establishment
of a near present-day giobal sedimentary mass (n
= [/x=) at ~2.5 Ga ago, the recycling proceeded at
b=40x 10195~ (taple 11) and the slopes repre-
sent degrees of cannibalism in percents. The recy-
cling increment is 250 Ma. Shorter increments lead
to shallower slopes, thus compounding the dif-
ficulty of retaining large A’s. The advocated degree
of cannibalism is therefore a minimaj estimate. The
flatter curves (lesser degrees of cannibalism) in

calculated for experimental data of O’Nions et al.
(1983), Hamilton et al. (1983), McCulloch and Was.
serburg (1978), Goldstein and O’Nions (1982), Tay-
lor et al. ( 1983), and Allégre and Rousseau (1 984).
Recent publications of Goldstein et a, (1984) and

Michard et al. (1985) only reinforce the above first-
order pattern.

served ~1.4 + 0.4 Ga A for Recent sedi-
ments is ~90 + 59,

The above estimate simultaneously sets an.
upper limit of ~1.1 + 0.5 x 10%ga~' (10 +
5% of global sedimentary mass) on the quan-
tity of sediments avajlabje for crust-mantje

“exchange. In contrast, crust-mantle isotopic
transport models (Armstrong 1981; DePaolo
1983) suggest 4-5 times larger fluxes. This
discrepancy may be a consequence of the re-
strictive assumptions of isotopic mode] esti-
mates (cf. also Patchett and Chauve]] 1984).
Altematively, and more likely, it may indi-
cate that a significant amount of the continen-
tal crust-mantle exchange is accomplished by
means other than via subduction of sedj-

ments (e.g., at the base of orogenic belts or
cratons).

CONCLUDING REMARKS

The above treatment of recycling demon-

strated that first-order features of global plate
tectonics are amenable to theoretical treat-
ment not only in terms of their spatial, but
also in terms of thejr temporal, parameters.
Conceptua.lly this has wide-ranging implica-
tions for quantification of the preserved
geologic record. Tectonie_diversity is a func-
tion of time, and the longevity of a discernible
imprint in the rock record is inversely propor-
tional to the rate of recycling of a specific
tectonic realm. The realms of the oceanic do-
main (basins of active margins to immature
orogenic belts) should not be preserved in
crustal segments older than ~100-300 Ma.
This poor preservation potential, rather than
any fundamenta] differences in the mode of
coeval tectonic styles, may have been the
major reason for the scarcity of, for e€xample,
glaucophane schists, paired metamorphic
belts, and ophiolites in the Paleozoic and par-
ticularly the Precambian records (cf. Ernst
1983). Platforms, and the roots of former oro-
genic belts, should not usually survive pe.
yond ~1300 Ma. In the crystalline continen-
tal basement, the bulk of the K/Ar ages
should be obliterated by ~2.4 Ga.

We would like to emphasize that the recy-
cling and evolutionary concepts are not
mutually exclusive, but complementary. The
preponderance of greenstone belts in the Ar-
chean crustaj segments is an instructive illus.
tration of this complementan'ty. Greenstone
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belts, regardless of their precise present-day
tectonic analogue, were a product of the
oceanic domain, as defined in the. present
contribution. They have been recycled at
oceanic rates prior to incorporation into sta-
ble continental crust and at continental rates
for the subsequent =2.2 Ga. Their chances
of survival to today should have been there-
fore minimal. The present-day high fre-
quency of Archean greenstone belts, despite
this recycling, suggests therefore an exces-

“sive original abundance. It follows that the

oceanic domain likely has been the dominant
tectonic regime on the early Earth.
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APPENDIX 1:
GLOSSARY OF TERMS

time;

A geologic entity, such as mass of sedi-
ments, area or volume (mass) of oceanic
or continental crust, reserves (tonnages)
of ores, etc. (in arbitrary weight, volume,
area, or percentage units);

P number of time increments utilized in pre-
sentation of the data and their simulation;

t duration of one time increment in years;
PT = total time;

n growth model assumed for generation of a

given entity A (fig. 2). A growth model
withn = 1/ = Qrepresents a steady-state
situation, 0 < n < | an exponentially de-
creasing, n = | an exponentially increas-
ing, and n = 1 a linear growth model;

to beginning of the process of generation and
recycling of the entity A (fig. 2);

b average recycling proportionality parame-
ter (cf. fig. 1);

D the recycled quantity, as compared to the

present-day total of an entity A. For ex-
ample, D = 50 for oceanic crust signifies
that the recycled quantity was 50 times the

Tso

TMAX

TMEAN

b*

tr

mass of the presently existing oceanic
crust;
half-life (half-mass, half-area) age or 50th
percentile (fig. 1);
oblivion age or maximal life-span, here
defined as Sth percentile;

The theoretical 7q for a steady state
model (n = 1/w) can be calculated as

_ InQ - In 100
T°‘T[ln(1 —bT)]’

where Q is the desired percentile. For ac-
cumulational models (1/o < n < =), TQ =
(P ~ x) T, where x is the root of the equa-
tion )

(%)n(l — bP-x - % =0

The root may be found by any algorithm
such as bisection or Newton-Raphson
method.

mean-age, usually exceeds 75, due to con-
tribution of old ages from the tail.

Forn = I/ it is given by

(I =bT) — (1 - bT)?
bT

(1 -bDF + 1
+ *]

TMEAN = T[

For large P, Tygan can be approximated
by

™EAN = T [l“;.rti + —;—]

For the accumulation models it js:

P~
MEAN = 3 = > (1 = BT)

local recycling constant. For steady-state
model (n = 1/) b* js related to b by

b* =b(l - bym-!
where m is the sought interval of duration

T subsequent to the beginning of
orogenesis.

time of transition (cf. fig. 10). The formula i

for its derivation is:

In(1 - b,T)

where b; > b,.

tr = [ In (b)) l]T,

ot
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ty time of equality (cf, fig. 10). The formula A

age difference between model Sm/Ng age
for its derivation js.

and Stratigraphic age of the same sedi-

nt.

In (b,/b,)

tE = 1 - bz T +1 Tv
h{1—¢ T
_ ! For further details and Specification.of LA,PT,
- where b, > b,. B, to, b, D, and 4 see Vejzer and Jansep (1979),
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