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Geologic Evolution of
North America

Geologic features suggest that the continent has
grown and differentiated through geologic time.

Among the current and popular hy-
potheses of continental origins and evo-
lution, two predominate. One postulates
a thin crust of continental (granitic)
rock formed very early in the earth’s
history, during relatively rapid differ-
entiation of the earth into core, mantle,

and crust (/), and subsequent breakup

of this primordial granitic crust into
continents, migration of the continents,
buckling, cycles of erosion, sedimenta-
tion, and volcanism,

According to the other hypothesis,
the primordial differentiation was less
complete—a differentiation of the earth
into protocore, protomantle, and oce-
anic (basaltic) crust. The continents
have been derived secondarily, through-
out geologic time, by continuing ter-

restrial differentiation. The essential con-

stituents of -the continents, the oceans,
and the atmosphere were supplied
during secular growth of an iron-rich
core, and through partial melting and
degassing of the mantle. Volatiles and
alkali-aluminum silicates repeatedly
moved upward from the mantle in both
magma and hydrothermal fluids (2).
According to this hypothesis the sources
of energy have been gravitational, and
heat derived from radioactive disinte-
grations, particularly of short-lived nu-
clei such as potassium-40 (3). There
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-is ample evidence of complementary

surficial differentiation, and other such
processes may be readily inferred in
the absence of direct evidence. They
include repeated cycles of weathering
and sedimentation, deep burial of sedi-
ments, their metamorphism and partial
meltings, and permeation of the crust
by the resulting granitic melts, espe-
cially along great linear mountain belts.
The major crustal cycles, it is argued,
tend to reoccur at unstable interfaces
of any pre-existing continents and oce-
anic crust. Successive cycles are be-
lieved to have resulted in successive
sheaths of granite and granitized sedi-
ments, welded to the pre-existing, ac-
creting, continental plate (4).

In essence, either hypothesis, and
each of the innumerable variants of the
two, includes the supposition that the
relatively thick, infinitely complicated
patches of granitic crust result from an
efficient differentiation, and from local-
ized, surfical concentration in the con-
tinents of alkali-aluminum silicates,
the so-called sial. The hypotheses dif-
fer mainly with regard to the causes,
time or times, processes, and rates of
continental differentiation. In this arti-
cle I discuss briefly some of the geo-
logical features, especially of North
America, which have both fostered the
concept of continental accretion and
perplexed all but its most zealous ad-
herents.

SCIENCE

Major Crustal Features

The base of the crust is now defined
by the seemingly abrupt Mohorovicic
discontinuity in the velocity of elastic
waves in the earth (5). Above this
discontinuity the velocities of V1 (longi-
tudinal) and Vs (shear) waves are less
than 7 and 3.5 km/sec, respectively.
At the discontinuity in the earth’s
mantle, Vi and Vs rise abruptly to
about 8 and 4.5 km/sec, respectively.
The abrupt increase in velocity at the
discontinuity seems to reflect the oc-
currence of rocks that are progressively
more dense, more degased, and richer
in ferromagnesium silicates. Typical of
such “mafic” rocks are the peridotite
and eclogite presumed to form the up-
per mantle. The compositions and in-
terrelations of these rocks in the crust
and upper mantle are shown in Table 1
and Fig. 1.

Typically, oceanic crust lies under
more than 4000 meters of water and
is only 5 to 7 kilometers thick. Dredge
hauls, seismic data, and studies of oce-
anic islands suggest that the predomi-
nant rock is basalt, and possibly hy-
drated peridotite (serpentinite). Over
the basalt lies a surprisingly thin blan-
ket of muds and calcareous oozes (1
kilometer thick, or less), in places inter-
fingering with submarine lava and
debris flows (6).

Near and under most island arcs and
their associated trenches, in water from
1500 to 3000 meters deep, the crust
thickens to intermediate values of 12
to 25 kilometers (7). Most island arcs
are dominated by basalt, but peridotite
(from the mantle ?) and igneous rocks
intermediate between basalt and granite
also occur. Most of the older, deeply
eroded island arcs have granitic cores,
and their primitive sediments include
fragments of granite, potassium-rich
feldspars, and quartz (8).

All of the exposed continental crust
and most of the crust that lies under
less than 2000 meters of water is from
20 to 60 kilometers thick, averaging
about 35 kilometers. In general, the
thickness of continental crusts reflects
topography; that is, many mountain
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Fig. 1. Generalized vertical section through the earth’s crust, showing the inferred rela-
tions of the Americas or Asia to the Pacific Ocean.

ranges appear to have roots of crustal
rock projecting downward into the
mantle, whereas most great basins very
crudely define areas of thinner crust
(Fig. 1). Apparently the boundary be-
tween crust and mantle is not only a
seismic discontinuity but also a level
of compensation. Columns of crustal
rock (or rock plus water) of equal
cross-sectional area are of roughly equal
mass. The crust seems to float in ap-
proximate hydrostatic (isostatic) equi-
librium on the mantle (9).

The predominant rock of continental
crusts is widely referred to as granitic.
In most areas where erosion has
stripped away the surficial blanket of
flat-lying shelf sediments, 30 to 90 per-
cent of the exposed rock is granitic
(Table 2). The frequent use of gra-
nitic as a synonym for continental crust
probably is valid as a first approxima-
tion for the crust to depths of about 12
to 15 kilometers (5). But this generali-
zation blurs the fact that parts of the
crust as large as 2 X 10° cubic kilo-
meters may consist entirely of rock of

a very different type, such as quartzite,
basalt, carbonate, or anorthosite. In
addition, the finer-scale structural fea-
tures of the crust are extremely compli-
cated (10, 11).

Below 12 to 15 kilometers in the
continents, petrogenic theory and geo-
physical observation suggest, by analogy,
rocks of intermediate to basaltic com-
position occur. The base of- the conti-
nental crust is presumed to be meta-
morphosed basalt, and the top of the
mantle, eclogite or peridotite (Table 1
and Figure 1).

Antiquity of Continents and Oceans

We find, as noted above, two quite
dissimilar kinds of crust—a thin, rela-
tively dense basaltic ocean crust and
a much thicker, lighter, granitic crust.
The island arcs seem to be a significant,
transitional evolutionary feature of in-
termediate thickness and composition,
commonly but not invariably formed
at the continental-oceanic interface.

Table 1. Composition and density of common crustal rocks and chondritic meteorite.

Composition (weight percent)

Rock type* - - lzietl;'
SiO2 TiO2 AlO3;Fe:0; FeO MnO MgO CaO Na:0 K0 H:;0

Granite 70.5 04 141 09 24 0.06 0.6 1.6 36 54 05 27
Quartz diorite 63.2 6 17.7 1.8 3.2 .1 1.9 48 42 19 .6 28
Basalt 48.6 2.8 132 24 9.2 2 98 103 24 0.6 5029
Eclogite 493 1.7 14.1 1.5 113 1.8 6.1 11.0 2.1 3 2 33
Peridotite . 43.6 0.8 4.0 2.5 9.8 0.2 34.1 3.5 0.6 2 7 33
Chondritic

meteoritet 38.0 A 2.5 ? 12.5 3 238 20 1.0 A 3 3.6

* Mineralogical composition as follows. Granite: quartz, potassium feldspar, plagioclase, and potas-
sium micas. Quartz diorite: plagioclase, quartz, hornblende, and potassium micas. Basalt: plagioclase,
pyroxene, olivine, and iron oxides. Eclogite: sodium pyroxene and garnet. Peridotite: olivine, pyroxene,
and iron oxides. Chondritic meteorite: olivine, pyroxene, iron oxides, iron sulfides, and metallic

iron.
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¢ Also includes Fe, 11.8; FeS, 5.7; and Ni, 1.34.

The oldest rock complexes of North
America and other continents (> 2.5
X 10° years) have their closest analogs
in the island arcs. This is, of course,
one of the main reasons for postulating
continental accretion and differentiation
from crust of oceanic type and mantle.
But before we pursue this matter, brief
additional reference should be made to
the oceans.

Although the oldest continental frag-
ments are at least 2.5 to 3 billion years
old, almost nothing is known of the
history of oceanic crust prior to the
Cretaceous period (100 million years
ago). Actually, 100 million years is
the age not of the oceanic crust but of
sediments dredged from seamounts
rising from the ocean floor. The oldest
known basalt from existing oceanic
crust was emplaced less than 50 million
years ago. Our enormous ignorance
of the early history of the oceanic crusts
reflects the cost and the logistical prob-
lems involved in oceanographic investi-
gations—major impediments to all stud-
ies of crustal evolution,

Possibly, there may be little more
of early crustal history to read directly
from the rocks of the oceans. Many
students of mountain building and most
contemporary geologists who endorse
the theory of continental drift postulate
the continuing existence of large con-
vection cells in the mantle to make the
mountains and move the continents
(12). They argue that the measured
rates of oceanic sedimentation (1 to 2
cm/ 1000 years) and the extremely thin
skin of sediments in the oceans indi-
cate that the oceanic environment can-
not have been stable for more than the
last 150 to 200 million years. One sug-
gestion is that the earlier oceanic crusts,
with their accumulated record of sedi-
mentary and organic evolution, have
been swept laterally against, and recon-
stituted into, continental margins by
convection cells (13).

There is, however, considerable evi-
dence that large bodies of sea water
have existed for over 3.2 billion years;
that they have supported protozoan life
for over 2.6 billion years (I4); and that
hypersaline seas evolved in restricted
basins at least 1.4 billion years ago
(11, 15). But this evidence has been
extracted by the hammer-carrying geol-
ogist, from exposures of the marine
rocks deposited, and now exposed, on
the continents. Until more sophisti-
cated sampling of the ocean crust has
been accomplished—including cores to
the Mohorovicic discontinuity—the pa-
leoceanographer must turn to his land-
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lubber colleagues and the more acces-’

sible rocks of the continents for source
material in writing the history of the
sea.

The continents, on the other hand,
present a sea of data in which we are
constantly in danger of drowning.

The concept of an initially molten
earth led field geologists of a generation
ago to seek exposures of the primordial
chilled crust. They found the conti-
nents to consist instead of a compli-
cated, yet recognizable, succession of
volcanic-sedimentary and mountain-
forming events that culminate in great
granite-forming episodes. In the deeply
eroded but now stable continental plat-
forms the succession of metamorphosed
sediments and volcanics, variously oblit-
erated by younger granites, appeared
to reach backward in time almost in-
definitely. Because of the overlap of
events, the ultimate beginnings of con-
tinents seemed to be largely or wholly
obliterated.

Hutton, a pioneer British geologist,
noted: “In the economy of the World,
I can find no traces of a beginning, no
prospect of an end.”

His conclusion has frequently been
echoed by field geologists who have
reconnoitered the cores of the conti-
nents. But new techniques and new
approaches are producing exciting and
revealing data. Patterson and his col-
leagues seem to have established the
age of the earth at 4.5 billion years
(16). The chronologic succession of
visible, widespread continental events
is either established or closely bracketed
in absolute years; parts of the earth
that cannot be directly observed and
sampled are being measured with in-
creasing accuracy.

Throughout, the concept of continen-
tal accretion of North America has
survived and flourished. Accretion and
secular differentiation of North Amer-
ica from basaltic and more mafic crust
and mantle are suggested by three ma-
jor, complementary features: (i) the
striking analogy between the oldest
rock complexes in the heart of North
America and rocks of the island arcs;
(ii) the progressive, secular differenti-
ation of igneous and sedimentary rocks,
in successively formed geologic prov-
inces, from rocks typically oceanic in
character to rocks more characteristi-
cally continental; (iii) the crudely zonal
patterns of successive, major, granite-
forming and related continent-forming
events, as manifest in decipherable rock
provinces.

This zonal pattern of rock provinces
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Table 2. Approximate percentages of granitic and pre-existing rocks exposed in geologic provinces
of North America. The data are based on point counts of 320 geologic maps, at scales of 1:12,000

to 1:500,000 (see 48).

Superior-

Wyoming; Churchill Central Grenville Ap;;)ala?nan 4
Province Slave (1.8-2.5 X (1.8-14 X  (1.0-1.8 X 010
(2.5-32 X 109 yr) 109 yr) 109 yr) @10 X
109 yr) yr)
Basic volcanics 12 6 3 3 5
Felsic volcanics 0.1 0.5 20 4 4
Sedimentary rock 5 18 2 20 46
Peridotite* 0.1 Trace Trace Trace 0.1
Diorite and
quartz diorite 2 1 0.01 0.01 16
Granitic rockt 76 70 70 66 24
Other 4 4 5 6 5

* Island-arc (Alpine) type.
pervasively veined by granite.

is broadly generalized in Fig. 2, and is
shown in greater detail in Figs. 3 and
4. These maps indicate the decrease in
the ages of the designated geologic prov-
inces outward from a central nucleus.

North America, stripped of its thin
blanket of younger (< 0.5 x 10’

T Includes quartz-monzonite, granodiorite, quartz porphyry, and gneisses

years) platform sediments, has a core
6 times older than its margins. As
noted previously, the oldest rock com-
plexes in the continental core are those
characteristic of island arcs and oce-
anic margins. Younger provinces in-
clude various dilutions of continental
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EXPLANATION

0.6,1.0, 2.5 = Geologic Age
in 109 years

Flg 2. Gross patterns and ages of geologic provinces in North America, as defined by
major granite-forming, mountain-building events.
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and oceanic types (Tables 2 and 3). In
general, the younger the province, the
greater its continental characteristics, as
though the successively younger cycles
in the outward accretion were increas-
ingly dominated by contributions from
the expanding, granitic continent itself.
Today’s continuing outward spread of
North America may be reflected in the
accumulation of thick prisms of debris
largely of continental type in the Gulf
of Mexico (/7), Baja California (78),
the Pacific Basin and Range Province
(19), and other areas.

Geologic Cycles

Although the provinces delimited in
Figs. 2, 3, and 4 are infinitely compli-
cated, each is defined by a series of
juxtaposed, variously impinging, and
complementary  geological “cycles.”
Most cycles are punctuated by at least

one great granite-forming event. The
granites tend to be localized along sinu-
ous mountain belts, the sites of maxi-
mum crustal instability, and are em-
placed at the culmination of one or
more major sedimentary or sedimentary-
volcanic episodes. The rock products
of any cycle reflect the nature and sta-
bility of the crust during the cycle.
Major stages in the mountain-building
cycles are as follows.

1) Erosion of the crustal highs
and sedimentation  in adjacent crustal
troughs, basins, and platforms (the
larger crustal troughs, deeply filled with
sedimentary and volcanic debris, are
called geosynclines).

2) Volcanism, at various intervals
and sites, but concentrated and intense
during the evolution of most geosyn-
clines.

3) Deformation of the thicker wvol-
canic-sedimentary piles in the geosyn-
clines and recrystallization and partial

EXPLANATION

Locations and ages
of Granttic rocks
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Fig. 3. Localities at which major granite-forming events of a billion or more years ago
have been dated. Each point marks the site of one radiometric age determination, or of
several closely spaced age determinations. These determinations, together with data from
geologic field studies, define the areal extent of Precambrian provinces.
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Tab.le 3. Estimated compositions of average
sediments at three periods during the evolution
of North America (see 48).

Percentage
Com- 3.2t 2.5
ponent 25 % 1gx 06X10°
10° yr 10° yr to0yr

SiO» 66.0 65.2 58.8
AlO3 14.5 14.1 13.6
Fe203 1.4 1.7 3.5
FeO 3.9 2.9 2.1
MgO 2.2 2.3 2.7
CaO 2.8 3.1 6.0
Na,O 3.0 2.8 1.2
K0 1.4 2.6 2.9

melting of their depressed keels and of
the subjacent mantle.

4) Engulfment of much of the geo-
synclinal pile by the partial melt, pre-
dominantly granitic but ranging in
composition from mafic to granitic.
This is the major, widely dated, gran-
ite-forming “event” on which the “age”
assigned each continental province
shown in Figs. 2, 3, and 4 is based.

5) Rise of the resulting, commonly
elongate, thickened, and granitized
mountain range, and its erosion, per-
haps as a stage in a new, superimposed
or adjacent, crustal cycle. Each cycle
results in crustal differentiation, as
shown in Fig. 5.

Complementary to the great moun-
tain-building, granite-forming cycles are
the rise and fall of adjacent continental
platforms and shelves. The depressed
portions of these areas acquire wide-
spread blankets of well-sorted and
weathered sediments, the so-called plat-
form and shelf sediments. Obviously,
the sediments differ in physical and
chemical properties according to their
source, the agents of transportation, and
the sites of deposition, and the entire
milieu changes throughout the imme-
diate sedimentary cycle and the encom-
passing crustal cycle. Consequently,
vital clues to crustal history and conti-
nental evolution may be drawn from
evidence of secular changes in kinds
and patterns of sediments and associ-
ated volcanics.

Oldest Continental Rocks

The oldest rocks, and consequently
the first clearly recognizable events in
North America, are in the Superior-
Wyoming and Slave provinces (the
latter in the region of Great Slave Lake

.in Canada) (Figs. 2 and 3). In these areas

a major granite-forming event occurred
about 2.5 billion years ago (20). The
granites largely engulf the oldest map-
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' pable rocks, a series of volcanic-sedi-
mentary sequences. We have noted that

in  many respects these volcanic-sedi-

mentary rocks are strikingly like rocks
known to form on and adjacent to
evolving island arcs. They are made
up of basaltic laves, mafic ash falls,
slides and slumps of slightly weathered
mafic debris, volcanic ejecta, and a
primitive sedimentary microbreccia,
called graywacke (27). There also are
peridotites (from the mantle ?) and
siliceous iron-bearing sediments.

Some of the volcanic-graywacke

suites appear to have their closest ana- .

logs in recently emergent volcanic ar-
chipelagoes such as the Kurils and
Aleutians (22). Other suites, while
consisting largely of basalt, and gray-
wacke, include fragments of alkali and
silica-rich porphyries, and granite.
Many of the graywackes also contain
minerals common only in granitic (con-
tinental) terranes, especially potassium-
rich feldspar and micas, zircons, mona-
zites, and abundant quartz (Table 1).
There is thus distinct evidence in these
ancient sediments of detrital contribu-
tions from pre-existing granitic, hence
continental, source areas—some sort of
protocontinent that formed the nucleus
of North America well over 2.5 billion
years ago.

The oldest recognizable rocks on
other continents are similar island-arc-
like complexes (23). In describing the
ancient Bulawayan complex of South
Africa (> 2.5 x 10° years old), Mac-
gregor writes (23): “The general pic-
ture presented by these rocks is one of
volcanic islands scattered over an area
exceeding 300 miles from north to
south and 200 miles from east to west,
with gently-sloping volcanic cones of
Hawaiian type and explosive andesitic
volcanoes rising above the sea, as thick
flows of pillowy lava spread out on the
ocean floor.”

Some of the ancient graywackes in-
clude granitic pebbles, or clastic grains
of minerals characteristic of granite.
In South Africa, pegmatitic granites
that cut another pre-existing volcanic-
graywacke sequence have been reported
to be 3.2 billion years old (24). Pol-
kanov and Gerling report an age of 3.5
billion years for a granitic gneiss from
the Kola Peninsula (25). If these ages
prove to be “firm,” they establish the
existence of granitic rocks—patches of
continental crust—no more than a bil-
lion years after the origin of the earth.

There is no impelling reason to as-
sume that all continents were nucleated
simultaneously, but these data suggest
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the possibility of at least one, and per-
haps several, volcanic-sedimentary cy-
cles in North America preceding those
now mapped in the Superior-Wyoming
and Slave provinces. The data are con-
sistent with the view that the continents
were formed from a predominantly vol-
canic-basaltic crust not unlike that now
found in the Atlantic and Pacific oceans.
Initial differentiation could have oc-
curred largely through the weathering
of oceanic volcanics, the metamor-
phism and partial melting of resulting
sediments and their basaltic floors, or
a combination of these processes super-

imposed upon a suite of magmatic dif-

ferentiates (26). Granitic rock is
erupted by existing Pacific volcanoes,
but in relatively small amounts (27).
The nature of the initial, granite-
forming events remains conjectural.
The classic view—that geologic events
of the past may be explained by ob-
servable, contemporary earth processes

and products—requires some modifica-
tion. The formation of the earth 4.5
billion years ago was a cataclysmic
event. So in lesser degree may have
been the formation of a first granitic
crust. '

Astrogeologists may ultimately con-
vince themselves, and others, that the
early impaction of giant meteorites
fostered or furthered the differentiation
of early granitic crust by producing
great pools of lava (28). Some of the
largest mafic lava pools that we ob-
serve frozen in the crust (the stratiform
sheets) show internal differentiation
into more mafic and granitic types (29).

Only one province in North Amer-
ica younger than the Superior-Wyoming
and Slave provinces—the Pacific prov-
ince—is dominated by rocks character-
istic of, and largely indigenous to, the
island arcs and crusts of oceanic type.
Pettijohn (27), who first emphasized
the nature of very old sediments, and
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Fig. 4._ Some examples of known and readily inferred overlap of successively formed
geologic provinces (as defined by major granite-forming events).
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Fig. 5. A diagrammatic representation of geologic events and crustal differentiation
during a mountain-building, granite-forming crustal cycle. The horizontal coordinate may

reflect spans of 10 to 500 million years.

succeeding workers (30) have suggested
that the ancient island arcs of the Su-
perior-Wyoming and Slave provinces
emerged adjacent to stable shelves and
shelf sediments, now effaced by erosion.
The argument may be inverted. For
in the last 2.5 billion years of geologic
time it is the stable continental shelves
and their highly differentiated, win-
nowed blankets of sediments that have
best resisted obliteration. The virtual
absence of earlier stable shelves on
continents suggests that none existed
that were equivalent to contemporary
shelves in thickness, composition, and
stability. Instead, prior to 2.5 billion
years ago patches of granitic crust were
either (i) very much thinner than later
granitic crust or (ii) relatively small in
area, hence unable to resist the dynamic
and thermal processes that recurred in
the underlying mantle.

Whatever the primordial facts, the
contemporary vista suggests that it is
impossible for basalt-graywacke suites
of the Superior-Wyoming and Slave
type to evolve on a well-defined conti-
nent, 20th-century model. The average
composition of the crust on emergent
North America between 2.8 and 3 bil-
lion years ago (prior to the emplace-
ment of granite) was far closer to that
of basalt than the crust of North Amer-
ica is today (Table 2). Similarly, the
sediments of the Superior-Wyoming and
Slave provinces are very different in
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composition from the sediments formed
on North America in the last 600 mil-
lion years (Table 3). There has been
continental growth and differentiation.
This does not mean that there have
been no temporary reversals or partial
foundering of granitic crust. But the
gross trend has important implications
for studies of geochemical cycles and
the so-called geochemical balance, in
which the compositions of the average
modern sediments, of the average con-
temporary crust, and so on, are com-
monly employed as secular constants
(31).

The age of the Superior-Wyoming
and Slave provinces is defined by waves
of granitic rocks that largely engulfed
the volcanic-graywacke complexes some
2.5 billion years ago. These granitic
rocks constitute three-fourths of these
provinces as they are now mapped.
Geophysical data indicate that they
persist to depths of at least 12 to 15
kilometers in the crust. Downward-
projecting keels of the graywacke-vol-
canic complexes appear to reach a
depth equivalent to the width of the
exposed complex (32).

Actually, only a small fraction of
the so-called granitic rocks are, strictly
speaking, granite. The “granitic” ter-
ranes include abundant diorites, quartz
diorites, and granodiorite—that is, deep-
seated rocks intermediate in composi-
tion between granitic and mafic types

(Table 1). In most localities these
rocks appear to have been emplaced in
sequence, the most mafic first, followed
by the more granitic types. Character-
istically, diorites and quartz diorites are
largely indigenous to volcanic-gray-
wacke terranes and are among the first
deep-seated igneous rocks emplaced in
such terranes. The fact that granitic
rocks are so abundant and widespread
in the Superior-Wyoming and Slave
provinces at the 2.5-billion-year level
suggests that many of these granites are
regenerated, partial melts from pre-ex-
isting crust of intermediate character,
formed either in preceding cycles or
through cataclysmic events.

The granite-forming event of 2.5 bil-
lion years ago is significant in that it
indicates the development for the first
time in North America, and presum-
ably on other continents, of a thick,
stable, and resistant granitic crust.
Thereafter, this crust (the Superior-
Wyoming and Slave provinces) per-
sisted either above sea level or as a
partially immersed but stable platform.
Observations of mass and crustal buoy-
ancy suggest that for 2.5 billion years
the continental crust of the Superior-
Wyoming and Slave provinces has been
at least 20 to 25 kilometers thick.

It is tempting to speculate on the
initial areal extent of the 2.5-billion-
year continental crust. Almost surely
the Superior-Wyoming and Slave prov-
inces were more extensive than is now
apparent. This is readily inferred from
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Fig. 6. A schematic representation of or-
ganic evolution and the occurrence of
major granite-forming episodes of North
America.
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studies of younger provinces. All of
these overlap pre-existing provinces by
20 percent, to as much as 60 percent
(Fig. 4). Specifically, the succession of
volcanic-sedimentary and granite-form-
ing events that define the Appalachian
province (0.2 to 0.8 X 10° years) over-
lap the Grenville province (~ 1 X 10°
years) by about 60 percent (Fig. 4).
Similarly, in the western part of North

America there is wide overlap and near- .

obliteration of older provinces by a
succession of younger provinces dated
at 0.1, 0.4, 1.0, and 1.8 billion years
ago.

Other features which suggest that the
Superior-Wyoming and Slave provinces
were formerly more extensive than they
are now include (i) their broad but stub-
by forms, and (ii) the angular intersec-
tions of their mountain belts with those
of enveloping provinces. In general,
the younger the mountain belt and
province, the more elongate the form.
These relations suggest that the fossil-
ized mountain belts that form the older
provinces have been sliced off and re-
incorporated in succeeding mountain-
building, granite-forming episodes.

Recent detailed mapping of the edges
of the Superior-Wyoming and Slave
provinces supports this inference.
Blurred vestiges of rocks of the Su-
perior province can be traced southeast
across the “Grenville front” into the
much younger (~ 1.0 X 10° years)
Grenville province, where they are all
~ but obliterated by superimposed events
(33). Recent work also suggests that

the Superior and Slave provinces were -

originally either joined or were sepa-
rated by only a very narrow belt of
island arc or oceanic-type crust. Hence,
the relict Superior-Wyoming and Slave
provinces tell us that 2.5 billion years
ago thick granitic crust comprised an
area at least 20 percent that of present-
day North America. But the data sug-
gest that the extent of (thinner ?) gra-
nitic crust may have been greater—
equivalent to perhaps one-fourth or
more of the present area of the conti-
nent.

Succeeding Provinces and Events

The evolution of successive geologic
provinces in North America is charac-
terized by several features. (i) Most of
the volcanic-sedimentary series show a
progressive increase in the increments
of continental debris, much of it ex-
tensively weathered and differentiated.
(ii) The pre-existing provinces behave
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Fig. 7. Distribution in time and by continent of 152 rubidium-strontium age determina-
tions which indicate the world-wide episodic nature of granite-forming events. The blocks

are separated by a time comparable to the error of the measurement.

Plots of hundreds

of A"/K®, lead-lead, and uranium-thorium-lead age determinations show correlative
peaks (see 50 and Fig. 6). [From Aldrich, Wetherill, Bass, Tilton, and Davis (51)]

as stable, neutral, or slightly negative
plates and basins into which well-sorted
clastics and chemical and biochemical
precipitates are deposited as broad, thin
blankets. (iii) The associated volcanics
include higher percentages of alkali and
silica-rich types than the volcanics of
pre-existing provinces. These generali-
zations are drawn from data in Tables 2
and 3 obtained through point counts of
some 320 maps of areas in the several
provinces.

Although the data in Tables 2 and 3
are crude approximations, the trends are
obvious. For example, in the Church-
ill province, which partially encircles
and partly separates the Superior-Wy-
oming and Slave provinces, the pre-
granitic volcanic-sedimentary complexes
include abundant graywacke and pil-
lowed basalt. But lavas and tuffs of
intermediate and rhyolitic (granitic)
composition are common and wide-
spread. Arkoses—that is, sandstones
largely composed of disintegrated gran-
ites—appear in many sedimentary se-
quences. So do carbonate layers and
well-sorted, cross-bedded quartz-rich
sandstones, although they commonly
constitute only a small fraction of the
total sedimentary record (34).

During the evolution of the Church-

ill province (1.8 to 2.5 X 10° years

ago), epicontinental seas covered large’

areas of the Superior-Wyoming and
Slave provinces. In these seas, in large
shallow basins, the first known blankets
of shelf sediments formed (35). These
include well-sorted cross-bedded quartz-
ose sandstones, potassium-rich shales,
and carbonate sediments. A feature of
these old carbonate sediments in North
America and other continents is the
rare appearance of fossil algal reefs and
colonies. Indeed, one algal limestone

in South Africa predates the emplace-

ment of granite 2.4 billion years ago.
There are, however, no unequivocal
examples of metazoan fossils prior to
about 600 million years ago (Fig. 6).
Successive widespread incursions of
shallow seas across beveled provinces
of North America and other continents
have left in their sediments the great
heritage of fossil life and the outlines of
organic evolution.

The granite-forming events that cul-
minated in the development of the
Churchill province about 1.8 billion
years ago extended into Greenland and
as far southwest as the Gulf of Cali-
fornia (Fig. 3). It is not clear whether
the Churchill province ever enveloped
the Superior-Wyoming and Slave prov-
inces on the southeast, nor are the
relative extents and interrelations of the
Churchill and Central provinces well
understood. But it does seem clear that
by 1.8 billion years ago the Churchill
province was nearly 1.5 times larger
than the relict Superior-Wyoming and
Slave provinces; that it almost encir-
cled them; and that, with them, it com-
prised an area almost half that of
present-day North America. The data
also support the conclusion that the
Churchill province was much larger in
extent than it is today.

The Central province is poorly ex-
posed, but much of what we see in rare
outcrops and scattered drill holes seems
unique and exciting. Bass has noted the
seeming predominance of intermediate-
to-rhyolitic volcanics and of potassium-
rich granite in which there is little evi-
dence of solid-state deformation (36).
Most granites of other provinces are
deformed, presumably by mountain-
making forces that accompanied their
emplacement. Other unique aspects of
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many parts of the Central province are
the scarcity of sedimentary rocks and
the date of the major, granite-forming
event, about 1.4 billion years ago (37).
This great magmatic event and the
much more recent Pacific event inter-
rupt a series of granitic episodes that
apparently otherwise occurred with
some regularity every 600 to 800 mil-
lion years (Figs. 6 and 7).

The data suggest that about 1.4 bil-
lion years ago the entire central and
southwestern part of the United States
was a gigantic puddle or blister of gra-
nitic magma, with perhaps a very thin
sedimentary skin.

If the Central province evolved
through differentiation at a continental-
oceanic interface, the magmatic proc-
esses were uniquely efficient and com-
plete. . Possibly much of the Central
province represents a re-fusion and
further differentiation of a pre-existing
continental crust at least 1.8 billion
years ago.

The Grenville province is developed
along the entire eastern and southern

parts of North America (Fig. 3). There
it seems to form a great sheath extend-
ing from Labrador to Mexico (38). It
may also appear in the southern part
of Greenland and extend southward
into Central America. Its pre-granitic,
volcanic-sedimentary sequences vary
widely in composition. The best known,
in southeastern Ontario (39), south-
west Quebec (33), and New York in-
clude thick clean carbonate beds,
quartzites, and—at least locally—an
evaporite sequence with gypsum (/7).
Anorthosites, igneous-looking rocks
composed largely of plagioclase feld-
spar, form scattered massifs of highly
controversial origin.

During the evolution of the Gren-
ville province, algae flourished in wide-
spread shallow shelf seas that invaded
parts of the Central, Churchill, and
Superior-Wyoming and Slave provinces.
Carbonate formations are thus wide-
spread in both the geosynclinal and the
shelf sediments. Indeed, with quartzites
and potassium-rich shales, they com-
monly predominate over sediments of
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Fig. 8. A polar map showing in generalized form the unidirectional patterns of successive
mountain- and granite-forming episodes in Australia-New Zealand, Antarctica, Africa,

and South America.
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the microbreccia-graywacke type (Table
3). Dolomite [CaMg(CO:):] predomi-
nated over limestone (CaCO:) at this
time, but the ratio was reversed about
500 million years ago (Table 4). The
average sediment thus shows an increase
in well-weathered and sorted types over
primitive graywacke types, with in-
creases in the ratios of potassium to
sodium, of ferric iron oxide to ferrous
iron oxides, of calcium to magnesium,
of calcite to dolomite, and of carbon-
ates to clastics in which there are free
carbon and sulfides (Table 3).

The granite-forming episode that cli-
maxed the Grenville era emplaced po-
tassium-rich silicate fluids throughout
at least 20 percent of North America.
A major unresolved question is whether
an analog to the Grenville event oc-
curred in western North America. A
tenuous association of granite (dated
1 X 10° years) at Pikes Peak and geo-
logic features near Los Angeles and in
southeastern Alaska suggest Grenville
granite-forming events and sediments at
these places (40). But the succeeding,
complex series of sedimentary-volcanic
and granite-forming events along the

" entire western coast have all but obli-

terated the earlier record. This is true
to a lesser extent in eastern North

‘America. Geochronologic sleuthing in-

dicates that there the Appalachian prov-
ince is built largely upon the Grenville
(41 and Fig. 4). The encircling pat-
terns of these young Appalachian, Pa-
cific, and Greenlandian provinces are
perhaps the most striking example of
province overprinting, and of the in-
stability of the continental edges, during
the last 600 million years (Figs. 2, 4).

The relatively young Appalachian,
Pacific, and Greenlandian provinces are
known in considerable detail, and the
constituent rocks are described at length
in most textbooks of historical geology
and stratigraphy. Several of their broad
features are especially pertinent here.
(i) They form very young, elongate
sheaths to the continents. (ii) They
are built in part on pre-existing older
provinces but include constituents from
fringing island arcs (42) or other posi-
tive crustal blocks not now apparent
(43). (iii) Both the Appalachian and
the Greenlandian provinces appear to
have once projected outward beyond
the existing continental crust into the
oceanic basin (Fig. 2). This suggests
that continents may have pulled apart,
or that mobile belts extended from one
continent to another across the ocean
floor (44).
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Other Continents and
Continental Drift

There are grounds for postulating
the continental accretion of North
America, but what of the patterns of
provinces and mountain belts on other
continents? The data seem too frag-
mentary to justify extended speculation.
One thing is clear. Young, evolving (?)
island arcs and mountain belts are by
no means ubiquitous at continental-
oceanic margins. They are found
throughout much of the Pacific, the
Carribbean, and the Arctic and Antarc-
tic oceans. In contrast, the perimeters
of the Atlantic and Indian oceans
largely lack island arcs and young
coastal mountains. Parts of the gra-
nitic, continental crusts of Greenland,
India, western Australia, and eastern
South America—a billion or more
years old—appear to merge abruptly
into thin, basaltic, oceanic crust (Fig.
8).

This fact, together with the near-fit
of some continental outlines, extensive
but not entirely convincing paleoclima-
tological and paleomagnetic data, and
the interruptions of mountain belts and
old sial at the edges of the continents,
has kept Wegener’s hypothesis of con-
tinental drift alive and kicking (12, 13).
There is clearly a crude fit between the
edges of the continents that face the
Atlantic, and between those that face
the Indian Ocean. This has prompted
some geologists to suggest that the pres-
ent continents dispersed from a com-
mon supercontinent and drifted across
the present Atlantic and Indian oceans.
The time-of-drift that fits best with
diverse geologic events and data is
about 150 to 200 million years ago
(13). But it is difficult to reconcile the
interpretations of continental drift and
continental accretion. If North Amer-
ica broke away from Europe and Africa
and drifted west less than 200 million
years ago, we would expect accretion
to be largely unidirectional from east
to west. Otherwise, the Grenville and
Appalachian mountain belts must have
evolved in the heartland of the parent
continent prior to the drift.

There appear to be examples of uni-
directional continental accretion, and
some of these may be reconciled with
the postulated drift. One example is
the Australian-Antarctic region indi-
cated in Fig. 8. Geologists familiar with
the Australia-New Zealand region have
frequently postulated the “eastward mi-
gration of geosynclines,” and of the
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continental-oceanic interface. The evi-
dence is suggestive (45), although there
seem to be serious objections (46).

Several possible rates of continental
growth are implied by the data. A plot
of the relict areas of each province (in-
cluding the known overlap) against
time suggests a linear growth rate (Fig.
9). Hurley and his colleagues have
argued that a linear rate of continental
growth also is borne out by compari-
sons of the ratio Sr*/Sr* with the geo-
logical age of granitic rocks (47). They
estimate an average growth rate of
about 7000 square kilometers per mil-
lion years, operative over most of geo-
logic time. Their geochemical calcula-
tions are suggestive but not conclusive.
Wide deviations from linearity are con-
sistent with the data at hand; these in-
clude waxing and waning periods of
continental growth and the previously
noted explosive. early growth, with re-
current, lesser granite-forming episodes
every 300 to 800 million years.

Summary

The oldest decipherable rock com-
plexes within continents (more than
2.5 billion years old) are largely basal-
tic volcanics and graywacke. Recent
and modern analogs are the island arcs
formed along and adjacent to the un-
stable interface of continental and oce-
anic crusts. The major interfacial re-
actions (orogenies) incorporate pre-
existing sial, oceanic crust, and mantle
into crust of a more continental type.
Incipient stages of continental evolu-
tion, more than 3 billion years ago, re-

Table 4. Estimated secular variation in the com~
position of carbonate sediments and in the ratio
of carbonates to clastics (see 48).

Dolomite
Clastics/ [CaMg(CO3)2]/ Age
carbonate limestone (yr X 109
(CaCO 3)
1000:1 3:1 1.8
30:1 3:2 1.0-1.8
15:1 1:4 0.6

main obscure. They may involve either
a cataclysmic granite-forming event or
a succession of volcanic-sedimentary
and granite-forming cycles. Intermedi-
ate and recent stages of continental
evolution, as indicated by data for
North America, involve accretion of
numerous crustal interfaces with frag-
ments of adjacent continental crust and
their partial melting, reinjection, eleva-
tion, unroofing, and stabilization. Areas
of relict provinces defined by ages of
granites suggest that continental growth
is approximately linear. But the ad-
vanced differentiation found in many
provinces and the known overlaps per-
mit wide deviation from linearity in the
direction of a more explosive early or
intermediate growth.

Mountain-building, granite-forming
events instrumental in continental evo-
lution are episodic, possibly periodic on
a worldwide scale.

The trend of continental evolution,
although episodic and at least intermit-
tently reversible, involves increases in -
(i) the ratio of thickened, stable con-
tinent to unstable island arc and ocean;
(ii) the ratio of continental volume to
eroded sediments; (iii) the ratio of re-
siduate sediments to graywacke; and
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(iv) the ratio of biochemical precipi-
tates to clastics.

Secular changes in the composition

of average sediment on, and eroded
from, continents include increases in
the ratios of ferric to ferrous iron
oxide, potassium to sodium, and cal-
cium to magnesium. Specific sediments
exhibit little secular change in compo-
sition but show critical changes in pro-
portions and in the geography of their

environments.

Secular distributions on

North America of arc-type ultrabasics,
pillow basalts, quartz diorites, and other
rocks largely indigenous to crustal inter-
faces and oceanic crust form a series

of

crudely arcuate zones. These mi-

grate outward with time from the con-
tinental core to the present continental
margins (48, 49).
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