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PRECAMBRIAN GEOLOGY OF THE UNITED STATES;
AN EXPLANATORY TEXT TO ACCOMPANY THE
GEOLOGIC MAP OF THE UNITED STATES

By PuiLip B. KiNG

ABSTRACT

Precambrian rocks are at the surface in about 10 percent of the area
of the United States, but are more extensive beneath the Phanerozoic
rocks, especially in the Central Interior Region. Exposures occur in
southward-projecting parts of the Canadian Shield in the Lake
Superior Region and Adirondack Mountains, and in smaller inliers
farther south in the Central Interior. Precambrian rocks emerge in
the higher uplifts produced by Phanerozoic deformations in the Ap-
palachian and Cordilleran mountain belts to the east and west, but
are very scantily represented close to the Pacific Coast.

Radiometric dating indicates that the Precambrian rocks vary
widely in age, from as much as 3,550 m.y. to about 600 m.y., rocks with
the latter ages being conformable or nearly so with the succeeding
Cambrian. The radiometric data, assisted to a minor extent by scanty
primitive fossils, make possible correlation of the rocks of different
exposures, and they also permit a subdivision of Precambrian rocks
and time into named subdivisions. In advance of a worldwide agree-
ment on nomenclature the U.S. Geological Survey uses an interim
subdivision into Precambrian W, X, Y, and Z, which correspond
broadly with the Archean, Aphebian, Helikian, and Hadrynian of the
official Canadian classification.

The radiometric data indicate peaks of abundance of ages at differ-
ent levels, which express significant historical events—times of
orogeny, of orogenic cycles, or of magmatism with or without orogeny.
The principal events occurred 2,500-2,750, 1,600-1,850, 1,300-1,400,
and 900-1,100 million years ago, and are named (following Canadian
usage) the Kenoran, Hudsonian, Elsonian, and Grenvillian events,
respectively. The events have been recorded at many places through-
out the United States, Canada, and Mexico, and occur between or in
the latter parts of the named subdivisions.

Different events characterize certain areas, thereby delimiting
provinces in the Precambrian terrane. The oldest provinces are in
northern Minnesota (an extension of the Superior province of
Canada), and in Wyoming and southern Montana; they contain Pre-
cambrian W rocks that yield Kenoran and earlier dates. Younger
provinces are to the south. Precambrian X rocks with Hudsonian
dates are extensive in the Southern province of the Lake Superior
Region, and also through much of the southern part of the Cordilleran
region. A poorly defined province with Elsonian dates is indicated by
subsurface data in the southern part of the Central Interior Region,
and plutons with Elsonian ages are widely distributed in the Pre-
cambrian X rocks of the southern Cordillera. Crystalline rocks of
Precambrian Y with Grenvillian dates form a wide belt in the south-
eastern United States, especially in the Appalachian region.

By the time of Precambrian Y, however, a large part of the remain-
der of the North American continent, in the United States and
elsewhere, had been stabilized into a craton, and received supracrust-
al sediments and volcanics that were only moderately deformed, or
remained undeformed during Precambrian time, producing units

such as the continental Keweenawan Supergroup of the Lake
Superior Region, the marine Belt Supergroup of the northern Cordil-
lera, and the Grand Canyon Supergroup and others farther south.

During latest Precambrian time, or Precambrian Z, accumulation
of supracrustal sediments and volcanics occurred mainly along the
eastern and western sides of the continent, in the Appalachian and
Cordilleran regions—in the east on a crystalline basement produced
by the Grenvillian event, in the west lying with moderate discordance
on Precambrian Y supracrustal rocks. However, in the coastward part
of the Appalachian region is the Avalonian belt of Precambrian Z
rocks, an exotic element which seems to have been joined to the North
American continent by plate movements during Paleozoic time. It
includes supracrustal rocks in the Carolina Slate Belt of the southern
Appalachians, as well as farther northeast in Canada, but in south-
eastern New England it is represented by extensive granitic plutons
that are unconformable beneath the Lower Cambrian, with radiomet-
ric dates of 570 m.y.

In most of the United States the Precambrian is separated from the
Cambrian by a marked unconformity and hiatus; Middle or Upper
Cambrian rocks overlie Precambrian Y or older rocks. However, in
the mountain belts to the east and west, supracrustal rocks of both
Precambrian Z and Lower Cambrian were deposited, and the bound-
ary between the Precambrian and the Phanerozoic is less obvious. The
problem is most acute in the southwestern part of the Basin and
Range province where Precambrian and Cambrian are parts of a thick
conformable sequence of fine-grained sediments, so that there is no
clear physical or faunal boundary between them.

In this account, following a statement of general principles, the
Precambrian rocks of the different areas of exposure are reviewed,
described, and correlated in turn. The units selected for description
are in terms of modern morphology, which correspond only broadly
with the provinces of Precambrian time—the Lake Superior Region,
the Adirondack Mountains, the Northern and Southern Appalachian
regions, the south-central United States in the Interior Lowlands, the
Central Rocky Mountains, the Northern Rocky Mountains, the
Southern Rocky Mountains, the eastern Great Basin, and the south-
ern Basin and Range province. In general it is assumed that the
descriptions can be understood by reference to the Geologic Map of the
United States, but to clarify certain subjects, maps on larger scales or
maps which illustrate special features are included. A final discussion
and synthesis deals with the larger Precambrian problems, some still
obscure, including the origin and evolution of the continent during
Precambrian time, and the possible participation of the continent in
plate tectonics.

DISTRIBUTION

Precambrian rocks underlie all the Central Interior
Region of the United States and large parts of the moun-
tain belts east and west of it. However, they are covered
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2 PRECAMBRIAN GEOLOGY OF THE UNITED STATES

extensively by Phanerozoic rocks and form the surface
of only about 10 percent of the country. By contrast, in
Canada to the north Precambrian rocks form the sur-
face of nearly half the country, mainly in the Canadian
Shield.

The largest exposures of the Precambrian in the
United States are in southern extensions of the Cana-
dian Shield—in the Lake Superior Region of Minnesota,
Michigan, and Wisconsin, and in the Adirondack Moun-
tains of northern New York State (fig. 1). Older maps
(such as the Geologic Map of the United States of 1932)
imply that an even larger area of Precambrian occurs in
the Appalachian Region to the east and southeast; large
parts of this supposed Precambrian are now known to be
of Paleozoic age, although authentic Precambrian does
emerge in the higher uplifts through much of the length
of the chain. In the Central Interior, Precambrian is
exposed only in small, widely spaced areas on the crests
of a few uplifts; additional knowledge of the Precam-
brian of this region is afforded by subsurface data. In the
Cordilleran Region, a large area of Precambrian
(mostly the supracrustal Belt Supergroup) extends
across the Northern Rocky Mountains of western Mon-
tana and northern Idaho. Farther south in the Rocky
Mountains the outcrops of Precambrian are smaller,
but many of them (as in Colorado) are closely spaced.
Similar small but closely spaced areas of Precambrian
occur in the southern part of the Basin and Range prov-
ince in Arizona and adjacent States. No Precambrian is
known within 200 miles (320 km) or more of the Pacific
Coast, except in the Transverse Ranges of southern
California.

DATA FOR CORRELATION

Prime requisites for representation of any group of
rocks on a regional or national geologic map are
adequate classification and correlation, but these are
difficult to achieve in the Precambrian.

Many parts of the Precambrian have been strongly
deformed, metamorphosed, and injected with plutonic
rocks; moreover, even where their primary sedimentary
structures are well preserved, their fossil remains are
sparse and enigmatic. While it is true that their struc-
tural complexity is perhaps no greater than that of
many Phanerozoic terranes whose sequences and ages
have been deciphered, the few fossils in Precambrian
rocks are not of the diagnostic value of those used for
stratigraphic purposes in younger rocks.

In the absence of normal criteria for classification and
correlation, various indirect methods were formerly
used in deciphering the Precambrian record. The earth
was assumed to evolve during the Precambrian, from a
molten, disordered condition (“Azoic” or “Archean”

time) to a better ordered condition when more familiar
sedimentary and volcanic processes prevailed (“Prot-
erozoic” or “Algonkian” time). Assumptions were made
as to the nature of Precambrian orogenic processes—
supposedly universal cycles of deformation, plutonic in-
jection, and peneplanation, applicable throughout a
shield, or to even larger regions. Where sequences of
Precambrian rocks could be worked out by conventional
laws of superposition, they were compared and corre-
lated with other sequences, even far distant, using as
starting points supposed type areas, such as the Lake
Superior Region.! These early efforts failed to take into
account various geological factors that are better un-
derstood now, such as the actual great length of Pre-
cambrian time—at least five times longer than
Phanerozoic time. They are merely of historical interest
today.

Great progress in understanding the Precambrian
has been made in recent decades. Radiometric dating
has made it possible to bring together many hitherto
unrelated items of the larger history, and even to make
a beginning in stratigraphic correlation. With this as-
sistance, more can now be deduced as to the geochemical
evolution of the earth, leading to inferences on
worldwide events, such as a time of iron formation, the
times of beginning of carbonate and of evaporite
sedimentation, and times of glaciation. However, with
the possible exception of the latter, these have only very
general application to stratigraphic work. More to the
point, radiometric dating has assisted in understanding
the fossil record, such as it is, and to suggest at least
rudimentary zonation. Moreover, much wider areas of
Precambrian rocks have been geologically mapped
which, coupled with radiometric dating, has assisted in
understanding regional Precambrian history that is no
longer restricted to a few classical and supposedly typi-
cal areas.

PALEONTOLOGICAL DATA

The fossil record is influenced by the evolution of life
on the earth, but during Precambrian time evolution
was probably very slow at first, and did not accelerate
until much later. Classification of Precambrian fossils
is difficult because even major groups of organisms
must have become extinct during the long timespans
involved; even in the succeeding Early Cambrian there
are shelly invertebrate groups that are not assignable
to any existing phyla (Glaessner, 1968, p. 586).

The strongest statements of these propositions were in the textbooks of the time, whose
authors were eager to generalize the results of the field geologists; statements by the field
geologists themselves (with the exception of Lawson, 1914) were more qualified. A judicious
appraisal of the status of Precambrian problems is contained in C. K. Leith’s presidential
address to the Geological Society of America in 1933 (Leith, 1934), and his strictures have
been well justified by later developments.



DATA FOR CORRELATION 3

During the first three-quarters of Precambrian time
the only remains or traces of life are those of primitive
bacteria and plants. The most prominent of these re-
mains are the stromatolites, which are biogenic
sedimentary structures probably produced by algae;
they include stratiform, nodular, and columnar carbo-
nate structures. All are notoriously variable in form
and no doubt were much influenced by local environ-
mental conditions. Nevertheless, when specimens of the
more distinctive columnar forms have been studied
through sequences long enough, and over areas wide
enough, they seem to have changed sufficiently with
time to permit division into zones dated radiometrically
between 1,600 and 1,350 m.y., 1,350 and 1,000 m.y., and
700 and 500 m.y. These express very slow evolutionary
changes—two orders of magnitude slower than in

Phanerozoic biostratigraphic zones (Glaessner, 1968, 5

p. 587). Stromatolite zonation has been most success-
fully applied in the Soviet Union (Raaben, 1969; Cloud
and Semikhatov, 1969) where Precambrian stroma-
tolite-bearing rocks can be studied across the whole
expanse of northern Eurasia, but similar studies are in
progress in Precambrian areas elsewhere.

The earliest authentic metazoan fossils occur in
strata not far beneath the Cambrian with ages of 600 to
700 m.y.—especially in the Ediacaran of South Austra-
lia, the Vendian of northern Eurasia, and a scattering of
other formations and localities in the Eastern Hemis-
phere (Glaessner, 1971). The only reported occurrences
in North America are in southeastern Newfoundland
(Conception Group) (Misra, 1971, p. 979-980), in North
Carolina, and in eastern California (Deep Spring
Formation) (Cloud and Nelson, 1966). Some or most of
the forms occur at all localities, indicating a well-
characterized fauna—various primitive coelenterates,

and forms with less certain affinities that probably be-

long to extinct phyla (Glaessner, 1961, p. 73-77;

Sokolov, 1973, p. 209-215). They were soft-bodied ani-
mals, whose imprints are preserved on bedding surfaces
at unusually favorable situations. Although the strata
in which they occur are clearly older than the Cam-
brian, there is some philosophical justification for con-
sidering them a basal unit of the Paleozoic, younger
than the Precambrian as formally defined (Cloud, 1968,
p. 36-37). Hard-shelled fossils, such as archeocyathids
and trilobites, only appear in the Cambrian itself, for
reasons that are still debated (Cloud, 1968, p. 42-49).

RADIOMETRIC DATA

Dating by radiometric methods has advanced far
beyond the first few determinations on uranium and
thorium ore minerals nearly three-quarters of a century

ago. Aside from suggesting the possibilities of the |

method and the great length of geologic time, these first
determinations were of little geologic use because of the
rarity of the minerals, and because most kinds of rocks
do not contain them, hence were as yet undatable. Sub-
sequently, and especially during the last few decades,
many other methods have been devised, some of them
applicable to ordinary rocks. At the same time, how-
ever, the hazards and pitfalls of the radiometric
methods of dating have become more apparent.

The lead-alpha method of dating zircon gives
generalized results and is useful as a reconnaissance
tool, but has little value for detailed work.

The potassium-argon method uses potassium-bearing
minerals such as biotite, muscovite, and hornblende,
hence has wide application to common igneous and
metamorphic rocks. It is therefore useful for sampling
and appraisal of wide areas of Precambrian rocks (as in
the Canadian Shield). The results are mostly consistent
among themselves, and thus indicate the relative ages
of different units and provinces. However, the ages ob-
tained in the Precambrian are rather consistently less
than those by the other methods mentioned below,
owing to gradual loss of argon from the mineral lattices.
Because of differences in their molecular structure, this
loss is greatest in biotite, less in muscovite, and least in
hornblende.

Also, argon is lost during the cooling that succeeds
time of igneous injection or of metamorphism, and it
does not become fixed in the mineral until the tempera-
ture descends to a lower level. Thus many dates are
“cooling dates” that are younger than the actual times
of injection and metamorphism. These differences are
least in low-grade metamorphic rocks and greatest in
high-grade rocks of granulite facies that underwent the
deepest burial and the greatest subsequent uplift and
erosion.

The rubidium-strontium method is not subject to the
loss of a gas daughter product as in the potassium-argon
method, and hence yields more reliable dates, but it has
several of its own problems. Both elements are subject
to gain or loss during metamorphism, and there is dis-
agreement as to the Rb® half-life decay constant. De-
pending on the constant adopted, the dates obtained on
Precambrian rocks by the rubidium-strontium method
may differ by 6 percent, or 150 m.y. at 2,500 m.y. ago.

The most nearly absolute figures for primary crystal-
lization are those obtained from wuranium-lead and
lead-lead methods, but the elements to be analysed are
rare. The methods were originally applied to uranium
and thorium ore minerals which did not have wide
geological application; but uranium and lead also occur
in minute amounts in the common accessory minerals
zircon, monazite, apatite, and sphene, for which analyt-
ical procedures are very exacting. Although fewer dates
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Ficure 1.—Map of the United States showing surface distribution of Precambrian rocks as represented on the Geologic Map of the
United States (map units W, X, Y, and Z). Also shown are metamorphic complexes (map units ms and m;—my), which probably
include rocks of Precambrian age.
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6 PRECAMBRIAN GEOLOGY OF THE UNITED STATES

can be obtained by uranium-lead and lead-lead
methods, they are useful as controls for the less exact
results obtained by the other methods.

GEOLOGICAL APPLICATIONS OF RADIOMETRIC DATING

These various methods indicate the times of crystalli-
zation during igneous intrusion, and of metamor-
phism—aside from the cooling factor. Dating of Pre-
cambrian supracrustal rocks of sedimentary and vol-
canic origin is more difficult.

Direct dating from primary minerals in the Precam-
brian supracrustal rocks in the Canadian Shield is
largely unsuccessful, and the dates obtained commonly
express merely the age of the metamorphism
(Stockwell, 1968, p. 692). Elsewhere, it has been possi-
ble in a few places. Glauconite and argillite in the little
deformed or metamorphosed Belt Supergroup of the
Northern Rocky Mountains are susceptible of dating by
potassium-argon and rubidium-strontium methods;
also, potassium-argon determinations have been made
on hornblende from the Purcell Lava and associated
sills interbedded in the Belt sediments (Obradovich and
Peterman, 1968, p. 739-740). Zircons from the late Pre-
cambrian felsic lavas of low metamorphic grade in the
Blue Ridge of the Central Appalachians have been suc-
cessfully dated by the uranium-lead method (Rankin
and others, 1969).

For dating the Precambrian supracrustal rocks of the
Canadian Shield and other complex areas, recourse
must generally be had to indirect methods, which
bracket the times of accumulation between maximum
and minimum limits. The maximum age of a sequence
is indicated by the age of the plutonic and metamorphic
rocks of its basement; the minimum age is indicated by
the age of its metamorphism, or by the age of the igne-
ous rocks that intrude it.

CLASSIFICATION OF THE PRECAMBRIAN
ROCKS

With the new data available, proposals are being
made in many parts of the world for reclassification of
the Precambrian rocks. The subject is under considera-
tion by the Subcommission on Precambrian of the In-
ternational Commission on Stratigraphy, Kalervo
Rankama, chairman. The subcommission is working
toward an agreement on Precambrian classification and
nomenclature that will meet worldwide acceptance, but
such an agreement is still a matter for the future. The
worldwide implications do not concern us here; our in-
terest is in the interim problems of classification of the
Precambrian in North America, and specifically in the
United States.

CLASSIFICATION IN MINNESOTA

One of the first efforts to make effective use of
radiometric data to classify the Precambrian was in
Minnesota (Goldich and others, 1961) that refined and
revised an earlier classification based largely on con-
ventional geologic criteria (Grout and others, 1951).
The State of Minnesota includes nearly half of the area
of Precambrian rocks of the Lake Superior Region in the
United States. Moreover, its sequence of Precambrian
rocks is much like that across Lake Superior in north-
ern Michigan and Wisconsin, so that any classification
arrived at in Minnesota has applications over a wider
area.

Table 1 summarizes the various classifications pro-
posed for Minnesota, including that of 1961. From the
table, it is apparent that basic concepts of the Minnesota
sequence have changed little through the years, but
that significant changes have been made in classifica-
tion and terminology. A notable change in 1961 was the
transfer of the Animikie Group from Late Precambrian
to Middle Precambrian and the Knife Lake Group from
Middle Precambrian to Early Precambrian, as a result
of dating the Penokean orogeny at 1,700 m.y. and the
Algoman orogeny at 2,500 m.y. (the column for 1968
indicates that these dates are actually greater). These
extreme ages were incompatible with the relative youth
previously assumed for the two groups. The so-called
“Laurentian orogeny,” previously considered to divide
the Early and Middle Precambrian, was now
downgraded to a minor role in the Early Precambrian.

Emendations after 1961 include renaming the so-
called “Grenville orogeny” of Minnesota the
“Keweenawan igneous activity”’; even though the event
is broadly correlative with the true Grenvillian orogeny
farther east, it was essentially anorogenic in Min-
nesota. Also, in the classification of 1970 and 1972, the
absolute distinctions between the Knife Lake and
Keewatin Groups are discarded, as the sediments of the
one and the volcanics of the other have variable mutual
relations. With this, the so-called “Laurentian orogeny”
and its accompanying epoch of granite intrusion disap-
pears; granites within the Lower Precambrian are now
interpreted as local phenomena. Nevertheless, as
shown in 1968, extremely ancient rocks occur in south-
western Minnesota, dated at 3,550 m.y.

Radiometric dating indicates major events in Min-
nesota at 2,700-2,750 m.y., 1,850 m.y., and 1,100 m.y.,
designated the Algoman orogeny, Penokean orogeny,
and Keweenawan igneous activity (= Grenville
orogeny). We will find these events again in the Cana-
dian Shield in Canada, and elsewhere, and will inter-
pret them as important markers for classifying the Pre-
cambrian of North America.
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TABLE 1.—Sequence and classification of Precambrian rocks of Minnesota, 1951-70.

Grout and others (1951 Goldich and others (1961) Goldich (1968) Sims i;‘ssﬁﬁz;) ]1:1972'
Cambrian Cambrian Cambrian Cambrian
Unconformity 600 m.y. 600 m.y.

Late Precambrian
Keewanawan System
Medial volcanics intruded by
Duluth Complex (Grenville
orogeny, 1,100 m.y.)

Later Precambrian
Keweenawan Group
Medial volcanics intruded
by Duluth Gabbro

Late Precambrian

Sediments and medial North
Shore Volcanic Group, in-
truded by Duluth Complex
(Keeweenawan igneous activ-
ity, 1,000-1,200 m.y.)

Upper Precambrian
Keweenawan Series
Medial volcanics intruded by
Duluth Complex

Unconformity

Penokean orogeny,
1,700 m.y.

Middle Precambrian

Granitic intrusives

Huronian System
Animikie Group

Animikie Group

. Middle Precambrian

Penokean orogeny, Penokean orogeny
1,600-1,900 m.y.)
Middle Precambrian
Granitic intrusives

Animikie Group

Granitic intrusives
Animikie Group

Unconformity Algoman orogeny,
2,500 m.y.

Early Precambrian

Granitic intrusives

Temiskamian System

Knife Lake Group

Medial Precambrian
Algoman intrusives
Knife Lake Group

Laurentian orogeny, age?

Unconformity

Earlier Precambrian

Pre-Knife Lake
intrusives

| Granitic intrusives

| Ontarian System
Keewatin Group
Coutchiching?

Older rocks

Keewatin Volcanics
Soudan Iron-Formation

| Algoman orogeny,

| Early Precambrian

Algoman orogeny
2,400-2,750 m.y.

Lower Precambrian

| Granitic intrusives

Metasedimentary and metavol-
canic rocks, with various mu-
tual relations

Granitic intrusives
Knife Lake Group

Laurentian orogeny, age? S .
geny, ag Granitic intrusives, older than

part of metasedimentary rocks

Granitic intrusives
Keewatin Group

Coutchiching?

Older rocks,
3,300-3,550 m.y.

Gneiss and schist, southwestern
Minnesota

CLASSIFICATION IN CANADA

A more far-reaching reclassification of the Precam-
brian rocks on the basis of radiometric dating has been
made by the Geological Survey of Canada. This de-
serves lengthy consideration, as it involves our
neighbor to the north and its geological survey, as well
as the largest exposure of Precambrian rocks in North
America. The reclassification was carried out under the
leadership of Clifford H. Stockwell for use on the new
Geologic and Tectonic Maps of Canada then in prepara-
tion (1969), and was based on an accelerated program of
mapping the Precambrian rocks of the country and of
radiometric dating, chiefly by the potassium-argon
method.

Outcrops of Precambrian rocks are nearly uninter-
rupted in the Canadian Shield in the central and east-
ern part of the country, except for submerged parts such
as Hudson Bay, and for the area of Phanerozoic cover in
the Hudson Bay Lowland. This vast Precambrian area
was once thought to be a homogeneous body, as implied
on the Geologic Map of North America of 1912, hence
subject from time to time to universal cycles of orogeny
and peneplanation. Field studies during the last half-
century have demonstrated, on the contrary, that it is

inhomogeneous, and divisible into provinces with dif-
ferent rocks and histories, that developed indepen-
dently during Precambrian time. Increasing knowledge
has heightened the distinctions between the provinces
and has sharpened their boundaries. Many of the
boundaries are structural lineaments, emphasized
further by geophysical anomalies; some are strati-
graphic, where supracrustal rocks of a younger province
overlap the basement of an adjoining older province.

Of the provinces of the Canadian Shield, only a few
bear directly on Precambrian problems in the United
States: the Superior province of ancient rocks which
includes the Lower Precambrian of Minnesota (see
above); the Southern province of somewhat younger
rocks, which includes the remainder of the Lake
Superior Region in the United States and Ontario; and
the Grenville province farther east, which extends into
the Adirondack Mountains of New York State. The Pre-
cambrian of the United States no doubt includes other
extensions of the shield provinces, and additional prov-
inces, but they are less apparent at the surface because
of the interrupted outcrops.

Radiometric dating has underscored the discreteness
of the provinces. Each has its own characteristic peak of
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abundance of dates, well expressed in histograms (for
example, Stockwell, 1964, fig. 2). A scattering of older
and younger dates also occurs, the older expressing
earlier orogenic events nearly overwhelmed by the
dominant events, the younger being from dike rocks
and other anorogenic intrusives.

The dominant sets of dates in the different provinces
are interpreted as having been produced by orogenies
(Stockwell, 1961, p. 111-113). Orogeny is defined as a
period of mountain building, accompanied by folding,
metamorphism, and granite intrusion, each orogeny
being followed by a long period of uplift, erosion, and
cooling before the next set of supracrustal rocks was laid
down. The scatter of dates in the rocks of each province
may extend over a span of as much as 300 m.y., but this
isinterpreted as partly the result of analytical error; the
actual duration of an orogeny is believed to be 100 m.y.
or less.

In order to refine further the orogenic times, the
available dates have been analyzed statistically
(Stockwell, 1964, p. 4-7), using those from a single prov-
ince, by a single method (for example, potassium-
argon), and of orogenic origin (rather than relicts of
earlier events, or of postorogenic events). The statistical
analysis for each province yields a mean on the Gaus-
sian or probability curve, and a standard deviation. The
mean figure is interpreted as representing the probable
climax of an orogeny, and the mean minus the standard
deviation the probable end of this orogeny.

Three principal orogenies are recognized in the
Canadian Shield, the Kenoran (= Algoman of Min-
nesota), the Hudsonian (= Penokean of Minnesota), and
the Grenvillian (= Keweenawan igneous activity of
Minnesota). Each orogeny has its “type region” in one of
the provinces; “it is hoped that, eventually, it may be
possible to select much smaller areas for type regions,
while still retaining the present geological definitions
and still containing rocks and minerals that are suita-
ble for dating by a variety of methods on a variety of
minerals” (Stockwell, 1972, p. 3). The Kenoran has its
type region in the Superior province, where it has a
mean age of 2,490 m.y.; the Hudsonian its type region in
the Churchill province, where it has a mean age 0f 1,935
m.y.; and the Grenvillian its type region in the Gren-
ville province, where it has a mean age of 945 m.y.
These orogenies may be poorly expressed or absent in
other provinces. The Grenvillian is unique in the Gren-
ville province, and has no orogenic counterparts
elsewhere in the shield; the Hudsonian is missing in the
Superior province, but it recurs in the Southern prov-
ince, and in some of the far northern provinces.

Besides these, an additional Elsonian orogeny was
proposed, based on a scatter of radiometric dates in the
Nain province of Labrador, with a mean age of 1,370

m.y. (Stockwell, 1964, p. 2). Later work demonstrates
that the events represented by these dates are not
orogenic; instead, they were produced by adamellite
(quartz monzonite) and anorthosite intrusions into
rocks already consolidated by the Hudsonian orogeny
(Taylor, 1971, p. 580-582). The Elsonian is more prop-
erly termed an “event” (King, 1969, p. 35; Stockwell,
1972, p. 3).

As indicated earlier, the potassium-argon method on
which these radiometric ages are based has many ad-
vantages, but the dates obtained are consistently
younger than those obtained by other methods. Sub-
sequent to the work summarized here, the orogenic
periods have been checked by a smaller number of
uranium-lead and rubidium-strontium determinations,
all of which indicate older, and probably truer ages
(Stockwell, 1972), as shown in table 2.

Besides the major Precambrian orogenic events rec-
ognized by Stockwell in the Canadian Shield, lesser
events late in the Precambrian have been described in
other parts of Canada, mostly insecurely dated
radiometrically and not necessarily of the same age—
the East Kootenay and Racklan orogenies in the Cordil-
leran province (Douglas and others, 1970, p. 373) and
the Avalonian orogeny in the Appalachian province
(Poole and others, 1970, p. 232-233). Of these, the latter
is of the greatest interest here because of its probable
extension into the Eastern United States; the evidence
will be treated at greater length later (p. 33, 39).

The radiometric and orogenic data just summarized
have been used to redefine the sequence of Precambrian
rocks in Canada. The Precambrian of Canada has tradi-
tionally been divided into Archean and Proterozoic
Eons, and these and their subdivisions are now more
precisely defined with the aid of the new data: Archean
prior to the end of the Kenoran orogeny, Lower Prot-
erozoic between the ends of the Kenoran and Hudson-
ian orogenies, Middle Proterozoic between the ends of
the Hudsonian and Grenvillian orogenies, and Upper
Proterozoic between the end of the Grenvillian orogeny
and the beginning of the Phanerozoic. Each orogenic
event is thus placed within the preceding time division,
and the end of the orogeny is considered to mark the
upper boundary of the subdivision.

New names are proposed for the subdivisions of the
Proterozoic (Stockwell, 1964, p. 7-9): Aphebian for
Lower Proterozoic, Helikian for Middle Proterozoic, and
Hadrynian for Upper Proterozoic. The names are de-
rived from Greek roots: Aphebian from “aphebos,” or old
maturity; Helikian from “helikia,” or maturity; and
Hadrynian from “hadrynes,” or young maturity.
Further subdivisions can then be created; for example,
the Helikian is divided into Paleohelikian and Neohili-
kian, bounded by the Elsonian event. The new names
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TABLE 2.—Ages of orogenic events in Canadian Shield, as determined

by different radiometric methods
[Based on Stockwell, 1964, 1972]

End of event in millions of years (=mean minus

Event standard deviation)
K/Ar U/Pb Rb/Sr Rb/Sr
constant 1.47 constant 1.39

Grenvillian

orogeny . 880 ca. 1,000 ca. 1,010 ca. 1,070
Elsonian

event 1,280 ? 1,400
Hudsonian

orogeny 1,640 ca. 1,800 ? 1,750 ? 1,850
Kenoran

orogeny 2,390 ca. 2,560 ? 2,540 ? 2,690

make it possible for there to be many subdivisions
within the Precambrian (or specifically within the Prot-
erozoic), instead of the three descriptive categories of
“lower,” “middle,” and “upper” that are available in the
English language, and they avoid such unfortunate ex-
pressions as “lower upper” and “middle lower” which
have sometimes been used for smaller subdivisions.

DISCUSSION OF CANADIAN CLASSIFICATION

The classification of the Precambrian set forth above
has been accepted by the Geological Survey of Canada
for use in its published maps and reports, but it has been
criticized by other geologists (for example, Goldich,
1968, p. 722; James, 1972a, p. 1132; 1972b, p. 2085) in
the following terms:

(1) The statistical method of defining orogenies and
subdivisions is questionable, as it depends on the valid-
ity of the areal unit selected for analysis, the effective-
ness of the sampling, and whether the dates selected
rather than discarded represent a single population.

(2) Reliance on the potassium-argon method of dat-
ing produces unreliable results for determining the
ages of the units.

(3) The wide scatter of dates within each province is
difficult to reconcile with the assumption that they were
produced by a single orogeny, rather than by an
orogenic cycle comprising many successive orogenies
(King, 1969, p. 33; compare James, 1960, p. 107).

(4) Orogenies have been discredited as the funda-
mental basis for stratigraphic classification in the
Phanerozoic, and their value for this purpose in the
Precambrian should be no greater.

(5) Archean has been differently defined as to age
limits from one country to another, and from one
geologist to another.

(6) The new names proposed for subdivisions of the
Proterozoic are unfamiliar and cumbersome, and do not
clearly indicate their sequential relations.

(7) New names for major units of the Precambrian

should not be proposed unilaterally, but by interna-
tional agreement.

The reader can judge for himself between these ad-
verse criticisms and the Canadian viewpoint just sum-
marized. Here, discussion of only one item, the Archean,
is desirable.

The term “Archean” has been widely used for more
than a century for the oldest visible rocks of the earth,
which are supposed to have special characters. “By later
Precambrian time, the patterns of sedimentation,
mountain building, and crustal evolution seem to have
been much the same as they are now. The Archean is
commonly thought to have been different—a time when
the atmosphere and oceans were unlike the present, a
time prior to crustal organization into cratons and
geosynclines, a time unique in earth history” (Pet-
tijohn, 1972, p. 133). Moreover, significant geochemical
differences have been discerned between rocks formed
during the “Archean” and the “Proterozoic,” or before
and after about 2,500 m.y. ago (Engel and others, 1974,
p. 852).

One of the original areas in which the Archean was
recognized is the Canadian Shield, and especially the
Superior province, a terrane consisting of linear belts or
islandlike areas of supracrustal rocks, interspersed
with or surrounded by a more extensive sea of intrusive
granite. The supracrustal rocks include metavolcanics
that are mainly andesitic and basaltic greenstones; and
metasediments which, where best preserved, are
graywackes and slates with interbedded conglomerate
and iron formation, and elsewhere are migmatized
quartz-mica schists and paragneisses. Their extreme
age is demonstrated in places by unconformable rela-
tions of both the supracrustal rocks and granites be-
neath the middle Precambrian rocks, and by radiomet-
ric dating. Similar terranes are recognized in the shield
areas of other continents (for example, Australia and
South Africa), and have likewise been called Archean.

The term Archean has also, of course, been mis-
applied to any thoroughly metamorphosed basement,
especially before the period of radiometric dating. Thus,
the metamorphic basement of the Appalachian region
was commonly called “Archean,” until radiometric dat-
ing demonstrated that it was not consolidated until
about 1,000 m.y. ago, at the time of the Grenvillian
orogeny of the Canadian Shield.

These misapplications aside, a worldwide survey of
usage indicates much diversity of judgment as to the
date of termination of the Archean (Rankama, 1970,
p. 214, 216), with proposed dates from less than 2,000
m.y. to nearly 3,000 m.y. Proposals for a termination at
less than 2,000 m.y. seem to have little merit; the main
problem is regarding diverse proposals for dates be-
tween 2,000 and 3,000 m.y. Some of the latter dis-
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crepancies represent differences in field observations
and analytical methods and can be adjudicated. Other

discrepancies are probably genuine; perhaps “Archean”
conditions ended at different (but everywhere ancient) |

times from one shield area to another.

The ancient features of the earth, expressed by the
rocks and the conditions that these imply, seem to be
unique and well characterized, whether they be called
“Archean” or by some other name. The problem is how
to translate these concepts into a definition of strati-
graphic value. Valid definitions can be proposed in
specific areas, such as the Canadian Shield, but difficul-
ties arise when they are expanded into a definition of
worldwide application. It therefore remains to be seen
whether such a worldwide definition can be worked out,
or whether the term Archean must be discarded.

CLASSIFICATION ON GEOLOGIC MAP
OF UNITED STATES OF 1932

The Geologic Map of the United States of 1932 was
compiled before the development of meaningful
radiometric dating and was the last major publication of
the U.S. Geological Survey which used the subdivisions
“Archean” and “Algonkian” that had been standard in
Survey publications for the preceding half-century. The
classification used on this map is illustrated by the
following abstract of its legend:

Lake Superior Region
Algonkian
Keweenawan: sedimentary, Akl; volcanic, Akv
Huronian: lower, middle, and upper, Ahl, Ahm, Ahu
Archean
Keewatin Series, Rk
Precambrian undivided
Precambrian intrusives, in
New England and the Adirondacks
Adirondacks
Algonkian?
Adirondack batholith, Ab
Archean?
Older igneous rocks, Ri
Grenville Series, Rg
New England
Algonkian?
Younger sedimentary schists, As
Archean?
Older sedimentary and igneous gneisses, /Rgn
Appalachian Region
Algonkian? (Glenarm Series)
Wissahickon Schist:
oligoclase-biotite schist, Awh
albite-chlorite schist and garnetiferous phyllonite, Awl
schist with igneous injections, Awl’ %
Cockeysville Marble and Setters Formation, Acs
Granite, gabbro, and hornblende gneiss, Agn
Mylonitized granite gneiss and hornblende gneiss, Agg
Volcanic rocks, Av
Archean?
Older gneiss, R gn
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Midcontinent Region
Algonkian?
Gneiss, schist, and quartzite, Agn
Granite, porphyry, and gabbro, Agr
Great Plains
Algonkian?
Sedimentary schist and quartzite, As
Intrusive rocks, Ai
Rocky Mountains
Algonkian
Belt Series: undivided, Ab; lower part, Abl; upper part,
Abu
Archean
Archean rocks, R
Granite, Rg

Pacific Coast Region, Great Basin, and Columbia River Plateau
Precambrian

Granite, diabase, and other intrusive rocks, p€g
Schist, gneiss, and granite, p-€

LATER USAGE OF U.S. GEOLOGICAL SURVEY

When first proposed by the U.S. Geological Survey,
the Archean and Algonkian were conceived to be
periods or systems in a Proterozoic Era, which were
time-stratigraphic units comparable in scope and prob-
ably in length to the Phanerozoic periods or systems. In
actual practice in Survey publications, however, they
were used empirically, Archean for dominant plutonic
and metamorphic rocks and Algonkian for dominant
supracrustal rocks.

By 1933 the results had become so incongruous that
these subdivisions were abandoned, and the pre-
Phanerozoic rocks were designated by the title Pre-
cambrian alone. Any subdivisions made were applied
informally as lower and upper (early and late) or as
lower, middle, and upper (early, middle, and late), and
were used in a relative sense in local areas, without
respect to any overall classification and correlation; the
informal terms might thus vary in absolute age from
one area to another. This procedure was useful in
studies of particular areas, but was without value for
regional work.

This classification was nevertheless followed on the
U.S. Geological Survey’s Geologic Map of North Amer-
ica of 1965, where the Precambrian was divided in
many areas into lower Precambrian (p€l) and upper
Precambrian (p€u), with unrealistic and sometimes
misleading results.

On the U.S. Geological Survey’s Tectonic Map of
North America of 1969 a more detailed interim classifi-
cation of the Precambrian was used, for purposes of this
map only. The Precambrian was divided into Archean,
Lower Proterozoic, Middle Proterozoic, and Upper Prot-
erozoic, following Canadian usage that had prevailed
up to 1963, to enable effective use to be made of Canadi-
an tectonic data that were being contributed to the map.
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The classification was also extended to Greenland on
the northeast, and to the United States and Mexico to
the south on the basis of radiometric data then avail-
able.

INTERIM CLASSIFICATION OF 1972

By the time compilation of the present Geologic Map
of the United States began in 1967, it was clear that
major improvements could be made in the representa-
tion of the Precambrian on the Geologic Map of 1932,
partly resulting from increased knowledge of the local
Precambrian sequences, partly from correlation of the
different sequences by radiometric dating. The experi-
ence of the Canadian geologists in the Canadian Shield
indicated the general lines that a revised classification
of the Precambrian of North America would assume,
and the experience of compiling the Tectonic Map of
North America demonstrated that such a classification
could be extended to the Precambrian of the United
States. Compilation of the Precambrian for the Geologic
Map therefore proceeded on this basis.

In 1970, to verify the results of the compilation, and to
produce an interim classification of the Precambrian for
use on the map and in other Survey publications, the
U.S. Geological Survey appointed a Special Panel con-
sisting of M. D. Crittenden, Jr., Chairman, J. E. Harri-
son, and J. C. Reed, Jr., to advise the Geologic Names
Committee and the Chief Geologist. After Survey ap-
proval, their recommendations were published as Note
40 of the North American Stratigraphic Commission
(James, 1972a).

During its deliberations, the panel reviewed the vari-
ous units and their age assignments that were shown on
the Geologic Map, enlisting the advice of Z. E. Peterman
and C. E. Hedge, geochronologists of the U.S. Geological
Survey. Various minor corrections and improvements
were made in the age assignments of various units, but
the four gross subdivisions shown on the Geologic Map
were verified.

The panel therefore recommended an interim adop-
tion of these subdivisions. However, rather than apply
formal names to them, as in Canada, it was recom-
mended that they be designated informally by the let-
ters W, X, Y, and Z. These letters would be especially
useful for map symbols, as there was no likelihood of
their being confused with any other symbol (other pos-
sible letter sequences, such as A, B, C, and D, were
already preempted by map symbols for other systems).
The letter W was used for the oldest recognized subdivi-
sion, thus providing for the possibility that still older
Precambrian subdivisions might be separated later,
which could be symbolized by preceding letters of the
alphabet.

The boundaries between the subdivisions “were
selected so as to split as few of the known episodes of
sedimentation, orogeny, or plutonism as possible”
(James, 1972a, p. 1129), hence were initially based on
geologic features. Nevertheless, they were not intended
to correspond to natural events such as orogeny or
plutonism; once established, they were defined by geo-
chronology alone.

The basis for the proposed classification thus differs
from the basis for the Canadian classification, in which
the boundaries are defined by natural features or events
whose ages were established by radiometric means. The
opposing rationales reflect the different geologic condi-
tions in the two countries. In Canada Precambrian
rocks are exposed nearly continuously over vast ex-
panses of the Canadian Shield, so that regional geologi-
cal features are an evident and ocbvious means of classi-
fication. In the United States outcrops are relatively
small and some are so widely spaced that identification
of regional geological features are necessarily much
more subjective. Here, the only assured means of classi-
fying the rocks of an outcrop is by age alone. Despite
these differences, the major subdivisions of the Pre-
cambrian in Canada and the United States are much
the same and are broadly correlative from one country
to the other. The two classifications, and the earlier one
in Minnesota, are compared in table 3.

Like all stratigraphic schemes, the interim classifica-
tion of the U.S. Geological Survey creates problems
when applied in detail.

New radiometric data sometimes improve the dating
of rocks or events (see Stockwell, 1972). “The most sig-
nificant practical difference between subdivision based
on geochronology and that based on stratotypes is that
revision in age of the given body of rock would result in

TaBLE 3.—Comparison of recent classifications proposed for the Pre-

cambrian of North America
[Numbers are ages in millions of years. In the first column, numbers combine the results, of
various analytical methods; in the second column first number is by K-Ar method, second
by U/Pb; in the third column numbers are arbitrary]

Minnesota, 1961 Canada, 1964, 1972 U.S. Geological
1968, 1970 Survey, 1972

Upper Hadrynian Precambrian Z
Keweenawan 800
igneous
activity Grenvillian orogeny
1,000-1,200 880 (1,000)

Precambrian Helikian Precambrian Y

Penokean orogeny
1,700 1,600

Proterozoic

Hudsonian orogeny

1,640 (1,800)
Aphebian

Middle Precambrian Precambrian X

2,500

Algoman orogeny
2,500

Kenoran orogeny
2,390 (2,560)

Lower Precambrian Archean Precambrian W
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reassignment of the rock unit in the time scale, rather
than readjustment of the time scale itself’ (James,
1972a, p.1131). Under the Canadian scheme the
boundaries of the subdivisions are revised in age; under
the United States scheme the boundaries remain fixed
and the specific rock unit is moved from one subdivision
to another, even though this might result in geologi-
cally unnatural groupings. In general, the boundaries
between the subdivisions were carefully enough chosen

by the Special Panel so that most such problems will be |

avoided, but some will certainly arise.

The defined age boundary between Precambrian Y
and Z remains problematical. An 800-m.y. boundary
was chosen by the panel on the assumption that it was
the age of termination of deposition of the Belt Super-
group in the Northern Rocky Mountains. This date is no
more than an approximation, as the termination is
merely bracketed between determined dates of 930 and
760 m.y.; it is suspect because the lower part of the
Precambrian Z Windermere Group that lies uncon-
formably on the Belt to the west has been dated between
820 and 900 m.y. (For details, see p. 53.) Further, the
upper part of the Precambrian Z supracrustal rocks in
the Central Appalachians has been dated at 820 m.y.;
these rocks lie on Precambrian Y infracrustal rocks
with the greatest discordance in the sequence below the
Triassic. It would be intolerable to place this discord-
ance, along with the infracrustal rocks below and the
supracrustal rocks above, all in Precambrian Y. The
proposed boundary at 800 m.y. is therefore ignored on
both the Geologic Map and in the ensuing text, where
the most workable boundary is found to be about 100
m.y. earlier.

REPRESENTATION OF PRECAMBRIAN ON
GEOLOGIC MAP OF UNITED STATES

The interim subdivisions of Precambrian W, X, Y,
and Z are used on the Geologic Map to classify the units
in the different sequences, and to correlate these se-
quences with those in other parts of the country. Differ-
ent categories of rocks are indicated in the same manner
as in the Phanerozoic. Each Precambrian subdivision
thus contains representatives of stratified sedimentary
rocks, volcanic rocks, plutonic or intrusive rocks, and
metamorphic rocks, shown in separate columns in the
legend. However, Precambrian continental and eugeo-
synclinal deposits are either not separated or not rec-
ognized.

The arrangement of the stratified rocks in the legend
indicates that in at least some areas the methods used in
the Phanerozoic can be applied; the Belt Supergroup of
Precambrian Y can even be subdivided on the Geologic
Map in parts of northwestern Montana and northern
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Idaho. Because the assignment of strata to one of the
new subdivisions or another will not be familiar to most
users, representative units in different areas are listed
more completely in the legend than for the subdivisions
of the Phanerozoic rocks. The volcanic rocks, although
placed in a separate column in the legend, are impor-
tant components of the stratified sequences in some
areas, as in Precambrian W and Y of the Lake Superior

| Region, and Precambrian Z of the Appalachian Region.

Among the Precambrian plutonic rocks the most ex-
tensive are granitic, but mafic categories are separately
shown in Precambrian W and Y. Assignment of the
plutonic rocks to one subdivision or another is based
partly on their geologic relations to the surrounding
country rocks, but more upon their radiometric dating.
The ages determined for the granitic rocks indicate that
many of them formed during the later stages of a sub-
division, but in Precambrian Y an earlier suite is exten-
sive; the granites of Precambrian W include both the
terminal plutonics, and undifferentiated earlier ones.

The metamorphic rock units, in general, are com-
plexes so greatly altered as to preclude the application
of normal stratigraphic analysis. The orthogneisses
originated from plutonic rocks and the paragneisses
from sedimentary or volcanic rocks. In places, the latter
include some bodies of rock capable of more detailed
analysis, but in such small areas that it would be fruit-
less to separate them on the scale of the present geologic
map. On the map, the ages assigned to the metamorphic
rocks are based primarily on their time of metamor-
phism, assuming that the original rocks were mostly
formed during the time of the same subdivision, but in
places they may include relict rocks formed during ear-
lier subdivisions that have been overwhelmed by the
later and dominant metamorphic event.

These results are summarized on the accompanying
maps (fig. 2-5), which show the surface distribution of
rocks of the different major subdivisions, as represented
on the Geologic Map. To give added meaning to the
figures, the rocks of each subdivision are divided into
three classes: (1) Sedimentary and volcanic supracrust-
al rocks (including their metamorphic equivalents in
the earlier subdivisions),? (2) intrusive and plutonic
rocks (including those of both felsic and mafic compo-
sition), and (3) metamorphic rocks (paragneisses and
orthogneisses).

2The word “supracrustal” has been defined briefly as referring to “rocks that overlie the
basement.” In this account, the term supracrustal is used for Precambrian sedimentary and
volcanic rocks that were laid down on the surface of the earth, on a basement of rocks that
have had a more complex metamorphic and plutonic history. Ideally, they are exemplified by
such units as the little deformed or metamorphosed Keweenawan and Belt Supergroups.
However, differences between “supracrustal” and “basement” rocks are relative, and distinc-
tions between them become subjective and blurred in places. Thus, this account describes
many units as “supracrustal” even though they have been deformed and metamorphosed,
because they are clearly of sedimentary and volcanic origin, and contrast with more enig-
matic paragneisses and orthogneisses.
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EXPOSED PRECAMBRIAN ROCKS
OF THE UNITED STATES®

The following is a survey of the Precambrian rocks
exposed at the surface in the United States, to explain
the representation adopted on the Geologic Map. It ex-
pands the explanation of these rocks in the legend. In
the legend, the rocks are categorized by age and charac-
ter (sedimentary, volcanic, plutonic, etc.); here, it is
better to treat all the rocks of each province collectively,
in order to demonstrate their mutual relations, and the
reasons for assigning particular rock units to one or
another of the broad age divisions.

The exposed Precambrian rocks are only a small part
of the Precambrian of the United States; much larger
areas are concealed beneath Phanerozoic rocks, espe-
cially in the Central Interior Region, between the Ap-
palachian and Cordilleran mountain belts, where they
are known from drill data. The concealed Precambrian
rocks have been extensively investigated, especially
during a project of Goldich, Muehlberger, Lidiak, and
Hedge (1966). Here, these concealed rocks will be men-
tioned only to suggest connections between the rocks of
the various areas of exposure.

In this account the results of many fundamental
pieces of research will be summarized, but these are not
always credited with a citation. Literature references
are made primarily: (1) to recent publications that up-
date the earlier records, (2) to summary reviews that
contain references to earlier publications, and (3) to
publications which contain information on radiometric
dating. The account is illustrated in part by maps and
diagrams, the maps being mostly on scales larger than
those of the Geologic Map, which show rock units, struc-
tures, and the names of localities which could not be
represented on the Geologic Map itself. Features not
illustrated by the maps and diagrams in the text are
believed to be adequately represented on the main
Geologic Map, to which the reader should refer.

Extensive use will be made of radiometric data to

justify the classifications and correlations that are |

made, and specific ages are cited where appropriate. In
general discussions, however, I believe it is clearer to
use names rather than numbers for the broad groupings
of ages within a few hundred million years of each other
that express orogenic, plutonic, metamorphic, or other
significant events in the Precambrian history of North
America. For this purpose the names used in the Cana-
dian Shield are adapted in this text: The Kenoran with
ages around 2,500 m.y., the Hudsonian with ages

3Previous official reviews of the Precambrian of the United States by Van Hise (1892) and
Van Hise and Leith (1909) appeared more than half a century ago. They provide interesting
comparisons with the present review, both in the amounts of data available, and in geologic
concepts.

around 1,700 m.y., the Elsonian with ages around 1,300
m.y., and the Grenvillian with ages around 1,000 m.y. It
is true that in the United States various local names
have been used for comparable events, some proposed
earlier, some later; for example, Algoman and Peno-
kean orogenies in the Lake Superior Region, St. Fran-
cois igneous activity and Llano orogeny in the South
Central States, and Black Hills and Mazatzal orogenies
in the Cordilleran Region. These names add precision to
local discussions because they can be tied to specific
dates within the particular area, but in a regional re-
view such as this they obscure the broader relations.

LAKE SUPERIOR REGION"

The most extensive outcrops of Precambrian rocks in
the United States are in the region west and south of
Lake Superior. Precambrian forms the northern half of
Minnesota, the western half of the northern peninsula
of Michigan, and a large part of northern Wisconsin.
Also properly part of the region are outlying areas to the
south, such as that of ancient gneisses in the Minnesota
River valley, of Sioux Quartzite that extends into South
Dakota, and of Baraboo Quartzite in central Wisconsin.
The region is a southern extension of the Canadian
Shield, the northwestern part belonging to its Superior
province, and the southeastern part to its Southern
province.

The Lake Superior Region in the United States and
adjacent Canada has been one of the longest known and
most intensively studied Precambrian terranes in
North America, particularly because of its wealth of
mineral resources such as the great deposits of iron ore
north and south of the lake and the copper deposits of
the Keweenaw Peninsula. Moreover, it contains a long
record of Precambrian rocks and events, all the major
divisions (W, X, Y, and Z) being represented in some
form or another. Their various supracrustal sequences
total more than 150,000 ft (46,000 m) of strata, and the
record is further diversified by several times of major or
minor orogeny, and of plutonic and volcanic activity.
The Precambrian rocks and structures have remained
virtually untouched by Phanerozoic disturbances, in
contrast to the Precambrian of most of the other regions
of the United States which we will consider later.

For these reasons, there has long been a temptation to
regard the Precambrian sequence of the Lake Sueprior
Region as the North American standard, to which the
Precambrian of other regions is to be compared and
correlated. This view, however, would fail to take into

4For a recent compendium of the geology of the part of the Lake Superior Region in
Minnesota, see Sims and Morey (1972, especially p. 27-455). This includes recent data not
available when the present summary was prepared; the more important revisions are in-
cluded here.
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F1GURE 2.—Map of the United States, showing surface distribution of rocks of Precambrian W as represented on the Geologic Map
of the United States.
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FIGURE 3.—Map of the United States, showing surface distribution of rocks of Precambrian X as represented on the Geologic Map
of the United States.
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F1GURE 4.—Map of the United States, showing surface distribution of rocks of Precambrian Y as represented on the Geologic Map
of the United States
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FIGURE 5.—Map of the United States, showing surface distribution of rocks of Precambrian Z as represented on the Geologic Map

of the United States.
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account the great length of Precambrian time and large |
gaps in the record in even so complete a sequence, as |
well as the quite different tectonic and sedimentary
regimes in other parts of North America.

PRECAMBRIAN W.

The northwestern and western part of the Precam-
brian area in Minnesota is an extension of the Superior
province of the Canadian Shield, a domain of the an- |
cient rocks of Precambrian W age (= Archean of
Canada). Its rocks are well exposed toward the north- !
east, as well as westward along the Canadian border as '
far as the Lake of the Woods. Farther southwest out-
crops are sparse; there is an extensive cover of thick
glacial drift and of the thin intervening Cretaceous
Coleraine Formation (King and Beikman, 1974, fig. 13),
so that representation of the Precambrian here must be
largely by subcrop methods, especially by deductions |
from geophysical surveys. 3

The Superior province in Minnesota (as in adjoining
Ontario) is a great body of supracrustal rocks, probably
more than 50,000 ft (15,000 m) thick in all, partly
metavolcanics (Wv), partly metasediments (W), and
equally extensive bodies of granitic plutonic rocks (Wg).

The volcanics, traditionally called Keewatin Group, |
include the Ely Greenstone of northeastern Minnesota ‘
with the Soudan Iron-formation in its upper part (com- |
mercially productive in the Vermillion district). Much
of the greenstone is basaltic, but intermediate and felsic
varieties are present also. Pillow structure is ubiqui-
tous, except where obscured by deformation and
metamorphism, and indicates subaqueous eruptions.
The superincumbent sediments—the Knife Lake Group
of northeastern Minnesota and comparable units in On-
tario (Temiskaming, etc.)—are dominantly graywacke,
with local thick lenses of conglomerate and minor slate;
quartzite and limestone are virtually lacking. Graded
bedding and related features in the graywackes indi-
cate they they are turbidites, formed subaqueously in a
tectonic environment (Pettijohn, 1943, p. 966-968).

The relation of the sediments to the volcanics has
been variously interpreted ever since A. C. Lawson
began fieldwork in the Lake of the Woods area in 1883,
and has given rise to some o*'the classic controversies of
North American geology. It is now clear that most of the
sediments overlie the volcanics, but a prevolcanic ter-
rane (Coutchiching) has been claimed, especially in ad-
jacent Ontario. In places, at least, the superincumbent
sediments lie unconformably on the volcanics, and some
granites intrude the volcanics but not the sediments,
giving rise to the concept of a far-reaching “Laurentian
orogeny” between the two. Actually, these problems are

not fundamental, as volcanic and sedimentary units are
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probably intermingled in various combinations from
place to place (Pettijohn, 1943, p. 980-981). Unconform-
ities above the volcanics are of local extent, and grada-
tional or interbedded relationships occur in other
places.

A case in point is stratigraphic relations in the Ver-

- million district of north-eastern Minnesota, where

many of the classic concepts of the Precambrian W rocks
originated. Modern mapping (Sims, in Sims and Morey,
1972, p. 49-62) has indicated greater stratigraphic
complexity than originally supposed; in essence, the Ely
Greenstone (or local representative of the Keewatin
Group) is followed by a unit of Knife Lake sediments,
and this by a second volcanic body of Keewatin type, the
last two merging into the main mass of Knife Lake
sediments in the eastern part of the district. The whole
sequence is conformable, and there is no evidence for
any major orogenic interruption, as was formerly be-
lieved.

Of the older granites (traditionally but inappropri-
ately called “Laurentian”) the only example that has

. been cited in Minnesota is the Saganaga Granite on the

International Boundary in the northeastern corner of
the State (fig. 6). It clearly intrudes the Ely Greenstone,
and the adjacent Knife Lake sediments lie on its eroded
surface. However, it intrudes other parts of the Knife
Lake, and its radiometric age does not differ greatly
from that of the surrounding rocks. Probably its pluton
was emplaced at shallow depths, and quickly unroofed
during the early part of Knife Lake sedimentation
(Sims, in Sims and Morey, 1972, p. 53).

The remaining granites (termed Algoman) intrude
all the supracrustal rocks of the province: The Vermil-
lion Granite forms a body 80 mi (130 km) long east-west
and 30-40 mi (50-65 km) wide north-south along the
International Boundary, and the Giants Range Granite
farther south extends for more than 100 mi (160 km)
along the northern edge of the Mesabi Range, where it is
overlain unconformably by the Animikie Group (Pre-
cambrian X).

The Algoman (= Kenoran) orogeny deformed and
metamorphosed the supracrustal rocks and emplaced
the Algoman granites. The orogeny has been dated be-
tween 2,400 and 2,750 m.y., on the basis of a variety of
radiometric methods (Goldich and others, 1961, p. 69—
74). However, there are unexplained discrepancies be-
tween uranium-lead, rubidium-strontium whole-rock,
potassium-argon and rubidium-strontium mineral
ages. Available radiometric data seem to suggest that
all of the features in the Precambrian W complex of
northern Minnesota—accumulation of the volcanics
and sediments, and their deformation, metamorphism,
and plutonism—were created during a remarkably
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short interval between 2,700 and 2,750 m.y. ago (Gold-
ich, in Sims and Morey, 1972, p. 32-34).

South of the area just discussed, in southwestern
Minnesota, Precambrian granites and gneisses (Wg,

Wgn) appear along the Minnesota River valley (Goldich !

and others, 1961, p. 123-146). Here, radiometric deter-
minations have yielded a scatter of dates, with some as

low as 1,850 m.y. (an overprint of the Penokean ;
(= Hudsonian) event), and others, by lead-lead methods ;,
on zircons from 2,870 to 3,280 m.y. A concordia plot

suggests an original age of 3,550 m.y. (Goldich, 1968,
p- 718-720), so that these rocks are among the oldest
recorded in North America.?

South of Lake Superior in Michigan and Wisconsin,
old rocks are exposed beneath the Marquette Range
Supergroup (Precambrian X) in the higher folds, and
have been identified as “Archean” (that is, Precambrian
W) since the earliest surveys. Most of the rock is granite
gneiss, probably mainly Algoman, but Keewatin-type
greenstone occurs to the north in the Marquette district,
and farther south is the Dickinson Group of arkose,
schist, and amphibolite (fig. 2); it is in contact not only
with the Algoman granite, but with an older granite
gneiss (James, 1958, p. 31-33). This region has been
more heavily involved in younger Precambrian events
(such as the Penokean orogeny) than the region north-
west of Lake Superior, so that radiometric dating has
produced varied results. Nevertheless, feldspar
rubidium-strontium ages and the diffusion age of zir-
cons establish the age of the basement gneisses at near
2,700 m.y. (Aldrich and others, 1965, p. 462), or about as
old as the Precambrian W rocks of northwestern Min-
nesota.

Gneisses east of the Minnesota River valley (the
McGrath Gneiss of central Minnesota and the basement
gneisses of Michigan and northern Wisconsin) are simi-
lar petrographically and in metamorphic history to
those along the Minnesota River but have so far failed to
yield dates as ancient. Nevertheless, Morey and Sims
(1976) suggest that they may all be part of the same
terrane—a sialic protocontinent against which the
greenstones and graywackes of northern Minnesota
and elsewhere in the Superior province were built in
later Precambrian W time.

PRECAMBRIAN X

Southeast of the Superior province is the Southern
province, which forms the remainder of the Lake Su-
perior Region. The boundary between them is in north-

5The oldest radiometrically dated rocks in North America, and among the oldest in the
world, are those of the Godthaab area, western Greenland, where quartzo-feldspathic gneiss-
es with some shreds of iron formation have been dated at more than 3,750 m.y. (Moorbath and
others, 1972). Very ancient Precambrian rocks are suspected from geological evidence in
parts of the Canadian Shield in Canada, but so far lack radiometric verification.
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ern Minnesota and adjacent Ontario, where rocks of
| Precambrian X lie with right-angle unconformity on
rocks of Precambrian W and dip away from them south-
eastward. Within the Southern province, rocks of Pre-
cambrian X are extensive northwest and south of Lake
' Superior, in Minnesota, Wisconsin, and Michigan,
flanking on each side the Keweenawan rocks (Precam-
brian Y) that occupy the trough of the Lake Superior
syncline. They contain all the commercially exploited
iron deposits of the Lake Superior Region (shown in red
on the Geologic Map), except those in Precambrian W of
the Vermillion district: the Gunflint district of Ontario,
the Mesabi and Cuyuna districts of Minnesota, and the
Gogebic, Menominee, Marquette, and other districts of
Wisconsin and Michigan (fig. 1). (The outcrops of iron
formations in the various districts are commonly re-
ferred to as “ranges,” hence such terms as “Mesabi
Range.”)

The supracrustal rocks of Precambrian X northwest
of Lake Superior are the Animikie Group, named long
ago for the Thunder Bay district in Ontario, whence the
group can be traced westward with little interruption
into Minnesota. South of Lake Superior, the obvious
stratigraphic and lithologic equivalents of the
Animikie are in the middle of a more comprehensive
sequence, the Marquette Range Supergroup (Cannon
and Gair, 1970) (fig. 7).

The Animikie of the northwestern area begins with a
discontinuous basal quartzite lying unconformably on
Precambrian W, followed by a persistent iron formation
several hundred feet thick (Biwabic of Mesabi district),
and topped by the Virginia Slate many thousands of feet
thick. This iron formation (and those of Precambrian X
elsewhere) is an alternation of ferruginous chert
(= taconite), slate, and stromatolitic beds, whose
weathered products were the readily exploited iron de-
posits of past decades. The Virginia Slate is interbedded
argillite and graywacke, a turbidite deposit not unlike
the much older Knife Lake.

In the Cuyuna district southwest of the Mesabi dis-
trict the sequence is much the same, but the iron forma-
tion is separated from the Precambrian W rocks on the
west by & poorly exposed, wider stratigraphic interval.
It may include pre-Animikie Precambrian X rocks com-
parable to the Chocolay Group south of Lake Superior
(Marsden, in Sims and Morey, 1972, p. 227-230).

These lithologic components reappear in the Mar-
quette Range Supergroup south of Lake Superior. Iron
formations like the Biwabik occur in each of the princi-
pal districts (Gogebic, Marquette, Menominee), again
with basal quartzites and great overlying bodies of
“slate” (argillite and graywacke). Here, however, the
sequence is thicker, more diverse, and interrupted by
unconformities, so that it has been divided into four
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groups: the Chocolay, Menominee, Baraga, and Paint
River (James, 1958, p. 30) (fig. 7). The Chocolay at the
base is quartzite and dolomite. The Menominee above it
contains the great iron formations, and the Baraga the
great “slate” bodies (Tyler, Michigamme); the latter is
diversified further by thick but impersistent bodies of
pillow lava. The Paint River at the top, preserved only
in the deeper downfolds, is again slate and graywacke,
with its own productive iron formation (Riverton) in the
Iron River-Crystal Falls district. The whole sequence,
totaling at least 50,000 ft (15,000 m), exhibits an
upward progression from shelf or miogeosynclinal
deposits below, with quartzites, dolomites, and iron
formation; into eugeosynclinal deposits above, with ar-
gillites, graywackes, and pillow lavas.

The Animikie Group and Marquette Range Super-
group are the “Huronian” of the older classic reports on
the Lake Superior Region. The original Huronian of
Logan and later Canadian geologists is in southern
Ontario north of Lake Huron, and correlation of the
Lake Superior rocks with it was recommended by the
International Committee on the Lake Superior Region
(Adams and others, 1905). Actually, the original Hur-
onian and its supposed equivalent in the Lake Superior
Region are separated by a 200-mi (320-km) gap co-
vered by younger strata, and have few physical re-

semblances; for example, the great iron formations of

the Lake Superior Region are missing from the type
Huronian. Moreover, recent radiometric work demon-
strates that they are not correlative (Van Schmus,
1972). The type Huronian overlies a 2,700-m.y.-old
basement and is intruded by the 2,160-m.y.-old Nipis-
sing Diabase, whereas the Marquette Range Super-
group has been dated between 2,050 and 1,900 m.y.
Both the Huronian and the Lake Superior rocks are
units within Precambrian X, but the first is older than
the second, their ages seemingly do not overlap, and
they may be separated by a minor period of orogeny.

The Precambrian X rocks of the Lake Supe-
rior Region were variably involved in the Penokean (=
Hudsonian) orogeny, a pre-Keweenawan (Precambrian
Y) event which is expressed by potassium-argon dates of
1,600 to 1,800 m.y. in the plutonic and supracrustal
rocks, both northwest and south of Lake Superior (Gold-
ich and others, 1961, p. 156-57; Aldrich and others,
1965, p. 463). Presently available data suggest that it is
actually older than 1,850 m.y. (Goldich, in Sims and
Morey, 1972, p. 35).

In northeastern Minnesota and adjacent Ontario the
Animikie slopes homoclinally southeastward at an
angle of only a few degrees beneath the Kewee-
nawan—a relation that prompted Lawson (1914, p. 70)
to proclaim the Animikie as the true base of the
Paleozoic. The orogenic effects increase southward and
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southwestward. In the Cuyuna district the iron forma-
tion and associated rocks are folded, and west of the
head of Lake Superior the Thompson Formation, al-
though coextensive with the Virginia Slate, has been so
strongly deformed that it has been mistaken by some
geologists for the Knife Lake. In central Minnesota the
Animikie belt is truncated southwestward by a complex
of plutonic rocks mapped as Xg, including the McGrath
Gneiss to the northeast and the Saint Cloud and other
granites farther southwest (fig. 6), all of which have
yielded potassium-argon dates of 1,640 to 1,760 m.y.
(Goldich and others, 1961, p. 116-117). Further field
and radiometric investigations indicate, however, that
the McGrath is much older and probably Algoman, with
a Penokean overprint. The granites farther southwest
are shown by rubidium-strontium determinations to
range in age from 1,730 to 1,820 m.y. (Keigan, Morey,
and Goldich, in Sims and Morey, 1972, p. 252-254).
South of Lake Superior, rocks of Precambrian X and
their Precambrian W basement have been thrown into
wide steep folds and metamorphosed to greenschist or
amphibolite facies (with sillimanite) (James, 1955,
p. 1461-1463). In some areas there is only a slight angu-
lar discordance between the Marquette Range rocks
and the Keweenawan rocks north of them, but even
here the former are metamorphosed and the latter are
not. Intrusive rocks are widely distributed in Precam-
brian X south of Lake Superior, but none attain
batholithic dimensions; the granitic rocks are mostly
younger than the deformation and metamorphism, but
none are younger than 1,700 m.y. Contrary to previous
belief, there is no post-Keweenawan “Killarney” gran-
ite in the area (Goldich and others, 1961, p. 163-164.

PRECAMBRIAN OF NORTHERN WISCONSIN

Precambrian rocks are at the surface for 130 mi
(210 km) south of the area just discussed, along the
Wisconsin arch, but outcrops are discontinuous because
of extensive glacial cover and the bedrock geology is
known only in part. On most of the earlier maps the
Precambrian of the arch is shown as undivided granites
and gneisses, for which ages anywhere from early to
late Precambrian have been proposed. Subsequently,
Dutton and Bradley (1970) have assembled all the
available data and have clarified the picture; their map
was the chief basis for representation on the Geologic
Map. After compilation and printing of the map, articles
by Van Schmus and Medaris (1975a) and Van Schmus,
Thurman, and Peterman (1975b) have appeared that
add many new data, which would require revision of
some of the boundaries shown on the map.

The oldest rocks of the area are Precambrian W gran-
ites which adjoin the Marquette Range Supergroup of
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the Gogebic district in the northwestern part of the
State, but radiometric dates elsewhere are younger
than Kenoran, and no Precambrian W rocks probably
exist farther south.

The main body of rocks in the Wisconsin arch have
yielded ages of about 1,650 m.y. by rubidium-strontium
methods and 1,800 m.y. by uranium-lead methods and
include belts of metasedimentary (X) and metavolcanic
rocks (Xv) probably equivalent to the Marquette Range
Supergroup, separated by belts of intrusive granite (Xg).

On the southeast, however, the Wolf River batholith
occupies an area of 3,600 mi2 (9,300 km?) and has been
dated by rubidium-strontium methods at 1,468 m.y. and
by uranium-lead methods at 1,510 m.y. On the Geologic
Map it is classed as Ygi1, or Elsonian. The batholith is a
fresh, anorogenic body which crosscuts all the older
rocks adjacent to it. On the Geologic Map the northern
boundary of the Elsonian granites was projected hypo-
thetically westward across the arch, but they actually
have a well-defined western boundary beyond which,
except for a smaller syenite body near Wasau, only older
rocks of Precambrian X occur. Near Tigerton the
batholith encloses an older mass of anorthosite (Ya).

The Wolf River batholith is the local representative of
anorogenic plutonic intrusions of Elsonian or early Pre-
cambrian Y age (Yg1) which we will observe again in
the southern Interior Region, the Southern Rocky
Mountains, and Arizona.

KEWEENAWAN SUPERGROUP OF PRECAMBRIAN Y*

In the Lake Superior Region, Precambrian Y is
primarily the Keweenawan Supergroup, a great body of
continental volcanics (Yv) and sediments (Y), with as-
sociated mafic intrusives (Ymi), that fills the trough of
the Lake Superior syncline. The Keweenawan includes
the “Lake Superior sandstone” and “cupriferous trap”
that intrigued the early geological explorers, some of
whom correlated them with the New Red Sandstone of
Triassic age. In northern Michigan the Keweenawan
contains large deposits of native copper and copper
sulfide that have been mined for more than a century.

The Keweenawan crops out in wide belts along both
the northwestern and southeastern shores of Lake
Superior in Minnesota, Ontario, Wisconsin, and Michi-
gan, and projects into the lake in the Keweenaw Penin-
sula (fig. 6). It (and the overlying sandstones of Pre-
cambrian Z) forms all the islands in the lake, and also
its floor. Beyond the head of the lake the synclinal belt of
Keweenawan rocks extends southwestward for another
hundred miles (160 km) until it passes beneath the
overlapping Cambrian; it is even more extensive in the
subsurface, as indicated below.

®For a more detailed review of the Keweenawan rocks, see Halls (1966).
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The thickness of Keweenawan supracrustal rocks
and their associated intrusives is well over 50,000 ft
(15,000 m) in the trough of the syncline but thins out-
ward and may not have extended far beyond its present
limits (White, 1966, p. 28-32); accumulation of the Ke-
weenawan and downwarping of the syncline were con-
temporaneous. Although the rocks have been gently to
steeply tilted they have not been folded or metamor-
phosed.

The Keweenawan sequence begins with thin basal
sandstones preserved discontinuously on both the north
and south flanks of the syncline. They are overlain by a
great sequence of amygdaloidal basaltic to andesitic
lavas in persistent thin to thick flows, with minor rhyo-
lites (Portage Lake Group to southeast, North Shore
Group to northwest). Observed sequences of the lavas
are 15,000-25,000 ft (4,500-7,600 m) thick, but are in-
complete and the total is clearly much greater. Flow
structures in the lavas demonstrate that they spread
out in both directions from the axis of the trough,
against the present slope of its flanks. Evidently the
rate of buildup of the lavas exceeded the rate of
downwarping of the trough, and produced an outward
slope (White, 1960, p. 368-371). Paleomagnetic studies
indicate that the lower lava flows have reversed polar-
ity and the uper lava flows nermal polarity, which
suggests a possible criterion for stratigraphic subdivi-
sion (Craddock, in Sims and Morey, 1972, p. 285-286).

Succeeding the lavas on the southeast shore are the
clastic, continental sediments of the Oronto Group, as
much as 15,000 ft (5,000 m) thick. The first deposits are
coarse conglomerates made up largely of volcanic clasts
(Copper Harbor), but the main body (Freda) is red ar-
kosic sandstone and interbeded micaceous siltstone, de-
rived from erosion of surrounding highlands of earlier
Precambrian crystalline rocks. The thin Nonesuch
Shale, which separates the lower conglomerates from
the Freda, contains organic compounds, microfossils,
and crude oil. Sedimentary structures in the sandstones
indicate transport from the highlands toward the axis of
the trough (Hamblin, 1961, p. 2-6), indicating that,
unlike the volcanic buildup, the sedimentary buildup
did not keep pace with the subsidence of the trough.

The lower part of the Keweenawan is invaded by
mafic intrusives, the largest being the Duluth Complex
northwest of Lake Superior, a lopolith 150 mi (240 km)
long and as much as 50,000 ft (15,000 m) thick near its
center, injected near the base of the Keweenawan. Itisa
multiply-layered intrusive, mainly gabbro but with an-
orthositic phases, and a granophyre phase at the top.
Smaller mafic bodies south of Lake Superior are at
about the same stratigraphic level, the largest being the
Mellen Gabbro of the Gogebic district (fig. 6). The intru-
sives are deep-seated manifestations of the same
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“Keweenawan igneous activity” that produced the
lavas.

Radiometric dates of the Keweenawan rocks have
been obtained from the felsic differentiates of the mafic
intrusives and lavas. Felsites from the North Shore and
Portage Lake Volcanics, the granophyric facies of the
Duluth Complex and Mellen Gabbro, as well as other
igneous rocks, have all yielded ages between 1,120 and
1,140 m.y. by uranium-lead determinations on cogenet-
ic zircons, suggesting a narrow pulse of magmatic ac-
tivity (Silver and Green, 1963, 1972). Dates by
potassium-argon and rubidium-strontium methods
have a greater span, between 1,100 and 1,300 m.y.
(Goldich and others, 1961, p. 95; Goldich, in Sims and
Morey, 1972, p. 35-36), but are less reliable. An age of
1,075 m.y. has been proposed for the Nonesuch Shale of
the succeeding Oronto Group (Craddock, in Sims and
Morey, 1972, p. 185).

The Lake Superior syncline and its Keweenawan
rocks are merely an exposed segment of a much larger
tectonic feature (fig. 8). Prominent gravity and magnet-
ic anomalies demonstrate that the trough and its as-
sociated mafic igneous rocks extend another 600 mi
(960 km) southwestward beneath the Paleozoic cover
into northeastern Kansas (E. R. King and Zietz, 1971),
and somewhat vaguer geophysical data suggest that the
trough turns southeastward near the end of Lake
Superior, to extend for an unknown distance beneath
the southern peninsula of Michigan (Oray and others,
1973). The whole structure thus has a curiously arcuate
form, concave toward the south—a product of crustal
rifting of subcontinental dimensions late in Precam-
brian time.

PRECAMBRIAN Y ROCKS OLDER THAN KEWEENAWAN

Southwest of the Keweenawan area is the Sioux
Quartzite of southwestern Minnesota and southeastern
South Dakota which forms a plateaulike terrain 200 mi
(320 km) long, partly concealed by glacial drift; the
similar Barron Quartzite forms a smaller area on the
west flank of the Wisconsin arch. The Sioux is warped
gently into an axial trough and has a thickness of about
3,000 ft (900 m); the Barron is much thinner. Inter-
bedded in the Sioux are layers of “pipestone” (argillite)
which have yielded potassium-argon date of 1,200 m.y.
(Goldich and others, 1961, p. 49), probably related to the
mild deformation. A well in northwestern Iowa pene-
trated Sioux Quartzite interbedded with rhyolite
layers, the latter yielding an apparent rubidium-
strontium age of 1,470 m.y. (Austin, in Sims and Morey,
1972, p. 450); regardless of whether the rhyolite is in-
trusive or extrusive, this date suggests a minimum age
for the formation.

PRECAMBRIAN GEOLOGY OF THE UNITED STATES

The Sioux and Barron Quartzites are approximately
correlative with the Sibley Group north of the Lake
Superior syncline in Ontario, which lies stratigraph-
ically between the Animikie and the Keweenawan. All
three units formed after the Penokean orogeny, but
before the accumulation of the Keweenawan Super-
group, during early Precambrian Y.

Farther south, in the Baraboo area of central Wiscon-
sin, Precambrian rocks project through the surrounding
lower Paleozoic strata in a partly exhumed monadnock,
and have long been classic for student work because of
their proximity to many Middlewestern universities.
(My own first field experience was at Baraboo during a
summer field course of the State University of Iowa.)
The rocks of the sequence at Baraboo much resemble
those of the lower part of the Marquette Range Super-
group (Precambrian X) in the Lake Superior Region to
the north—a thick lower quartzite, followed by slate,
iron formation, and dolomite—and were called “Huron-
ian” in the older reports. Nevertheless, these rocks over-
lie felsic volcanics with rubidium-strontium age of
about 1,600 m.y. (Dalziel and Dott, 1970, p. 8-10), so
that they are younger than those with which they have
been compared. Evidently they formed during the early
part of Precambrian Y, like the Sioux and Barron
Quartzites.

PRECAMBRIAN 7

Near the axis of the Lake Superior syncline, between
the main body of the Keweenawan and the overlapping
Upper Cambrian, is another body of sandstones, known
as the Jacobsville in Michigan, the Bayfield in Wiscon-
sin, and the Fon du Lac and Hinckley in Minnesota. At
one time or another, geologists have assigned these
sandstones to the Keweenawan or to the Cambrian, but
they are unconformable with both and are probably part
of neither.

Observed sequences of the sandstones are as much as
5,000 ft (1,500 m) thick, and geophysical surveys
suggest that they may be 7,000 ft (2,100 m) thick on the
southeast side of the Keweenaw Peninsula. They are
red sediments like the underlying Keweenawan, but
they are more cleanly washed, being quartzites rather
than arkoses, with a less varied heavy mineral as-
semblage. Their sediment transport was again toward
the axis of the Lake Superior syncline (whereas that of
the Cambrian is mainly southward) (Hamblin, 1961,
p. 6-13), so that subsidence of the trough continued, but
dips of the sandstones are much lower than those of the
Keweenawan.

These sandstones are probably the representatives of
Precambrian Z in the Lake Superior Region, and they
are so indicated on the Geologic Map, although definite
radiometric proof is not available.
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ADIRONDACK AREA

The Adirondack area of Precambrian rocks of north-
ern New York State is a domical uplift 120 mi (195 km)
across, nearly encircled by Paleozoic rocks, but con-
nected northwestward along the Frontenac axis with
the Grenville province of the Canadian Shield, of which
it is an extension. The Precambrian area includes two
contrasting parts: a northwestern lowland 40 mi
(65 km) broad, dominantly of medium-grade
metasedimentary rocks, and the Adirondack Moun-
tains to the southeast of high-grade gneisses and exten-
sive plutonic rocks; the two parts are juxtaposed along
the Highland Boundary fault, downthrown toward the
lowlands.

The Grenville Group of the lowlands (Y) is a meta-
sedimentary sequence about 15,000 ft (4,500 m) thick
(Engel and Engel, 1954, p. 1018), more than half of
which is calcite or dolomite marble, and the remainder
quartz-feldspar gneiss and minor quartzite. The rocks
have been plastically folded and refolded, and meta-
morphosed to amphibolite grade (with sillimanite).
They contain many concordant lenses and pods of
hornblende granite (Yg2), now with phacolithic struc-
ture but probably intruded before or during the folding
(Buddington, 1939, p. 152-158).

The rocks of the mountains are a complex of para-
gneiss (Ym), orthogneiss (Ygn), syenite (Ys), and anor-
thosite (Ya), metamorphosed to granulite facies, prob-
ably at a deep level in the crust. The most prominent
component is the anorthosite, covering 14 percent of the
area and forming mountainous massifs, the largest of
which is the Mount Marcy body 50 mi (80 km) across.
The syenite (mangerite), in smaller areas, may be
genetically related. The orthogneisses include both
granitic and charnockitic varieties. The paragneisses
were the host rocks of the others and have been corre-
lated with the Grenville Group to the northwest, al-
though they contain less marble.

The origin and sequence of the plutonic rocks haslong

been debated, and many views have been expressed. |

Buddington (1939, p. 197-235) believed that they were
introduced as magmas, the anorthosite, syenite, and
charnockite successively before the deformation, the
granite during the major orogeny and metamorphism.
At the opposite end of the spectrum is a proposal that all
the plutonic components were remobilized from a deep-
er level, or basement, the mobilities ranging from slight
in the anorthosite to a maximum in the granite; the
more mobile the component the more transgressive the
rock, hence the younger its apparent age (Walton and de
Waard, 1963).

The Adirondack Precambrian rocks, like those of the
rest of the Grenville province, yield characteristic
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Grenvillian radiometric dates of 1,000-1,200 m.y., and
large parts of them in the province have been called
Grenville Series in a broad sense.” The Geologic Map
follows present Canadian usage (Emslie, 1970, p. 124—
125) in restricting the Grenville Group to the recogniz-
able metasedimentary rocks of the original Grenville
area in southern Quebec and Ontario and the adjacent
lowland of New York State. Igneous and metamorphic
events in the lowlands have ages of 1,160-1,200 m.y.
(Silver, 1963); structural evidence in Canada suggests
that the group itself is Paleohelikian (=early Precamb-
rian Y) (Emslie, 1970, p. 125). The other Precambrian
rocks of the Adirondack area are likewise classed on the
map as Precambrian Y, but not as Grenville.

The Adirondack anorthosite contains zircons which
have been dated between 1,020 and 1,100 m.y. by
uranium-lead methods; similar ages, but none older,
have been found in the associated orthogneisses and
pegmatites (Silver, 1968, p. 250). These dates record the
time of granulite metamorphism, but it is claimed from
the characteristics of the zircons that this is the age of
the magmatic crystallization as well.

Nevertheless, the Adirondack anorthosites are part
of a chain of massifs that extends 1,000 mi (1,600 km)
north-northeastward, diagonally across the Grenville
province, into the Nain province of eastern Labrador.
Those of the latter province, outside the region of Gren-
villian influence, yield Elsonian ages of about 1,400
m.y., and it has been suggested that the other massifs,
many with apparently younger dates, have been re-
worked during the Grenvillian event (Stockwell, 1964,
p. 3). Be that as it may, emplacement of the anorthosite
massifs appears to have been a unique event in earth
history; all known massifs, both in eastern North
America and elsewhere, are datable within a span of a
few hundred million years of middle Precambrian time,
as we shall see when considering the anorthosite bodies
farther west in the United States (p.50, 66). All are
shown on the Geologic Map as Ya.

NORTHERN APPALACHIAN REGION
PRECAMBRIAN Y OF WESTERN PART

To the southeast and south of the Adirondack area,
in the western part of the Northern Appalachians,
Precambrian rocks with Grenvillian ages emerge in
the higher uplifts, where they have been reworked
during the various Paleozoic orogenies. They form

"The name “Grenville” has been extended from the original rocks of the Grenville Group to
include a more comprehensive Grenville Series, a province and its northwestern tectonic
front, and an orogeny. These extensions have been condemned by Gilluly (1966, p. 104-108),
but in the absence of any acceptable substitute, common usage must prevail—provided care is
taken by the geological author to specify clearly which of the several “Grenvilles” he is
referring to.
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the basement of the Green Mountains of Vermont,
the Berkshire Hills of Massachusetts, the Hudson
Highlands of New York State, and the Reading
Prong of New Jersey and Pennsylvania. The uplifts
are links in a chain that extends from the Long
Range in Newfoundland to the south end of the Blue
Ridge in Georgia. The basement is overlain by Lower

PRECAMBRIAN GEOLOGY OF THE UNITED STATES

Cambrian and younger Paleozoic geosynclinal
rocks—basal miogeosynclinal quartzites on the west
(€q, Cheshire and Poughquag), and more varied
eugeosynclinal clastics and volcanics on the east
(€e).

The uplifts are vergent westward or northwest-
ward, and become increasingly allochthonous south-
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Z). (Based mainly on Craddock, in Sims and Morey, 1972, p. 283.)
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ward. The Green Mountains and Berkshire Hills are
anticlinoria, the first with a steep west flank, the
second overthrust westward. The Hudson Highlands
and Reading Prong have commonly been interpreted
as fault-bounded horsts, but modern work indicates
that the Precambrian of the Reading Prong, at least,
is part of a floored nappe with roots farther southeast
(Drake, 1970, p. 286-289). The smaller Precambrian
bodies east and southeast of the main chain of uplifts
are even more complexly involved in the Appalachian
deformations. Those in the cores of the Chester
and Athens domes in the Connecticut Valley of
southeastern Vermont have risen diapirically into a
thick pile of eugeosynclinal strata. Those south of the
Hudson Highlands (Fordham and Yonkers Gneisses)
have been plasticly folded and refolded with the lower
Paleozoic rocks of the New York City Group (Hall, 1968,
p- 124).

The Precambrian rocks are dominantly paragneisses,
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with interbedded quartzite and marble units and
minor intrusive orthogneisses. Many details of the
subdivision and pattern of the gneisses are shown on
the modern State Maps on a scale of 1:250,000, but
this is impractical on the much smaller scale of the
Geologic Map of the United States, where they are
indicated merely as paragneiss (Ym). The pattern of
the units in the Green Mountains uplift, as shown on
the Vermont Map (fig. 9), is discordant to its elonga-
tion and crosses it nearly at right angles, although
somewhat curved as a result of the Paleozoic uplift.
The rocks underwent a Precambrian metamorphism
to high amphibolite grade in the Green Mountains
and granulite grade in the Reading Prong, but they
were metamorphosed again and retrograded during
the Appalachian orogenies.

As would be expected, the radiometric data reflect
this complex metamorphic history. Relict Grenvillian
dates of 900-1,100 m.y. have been obtained from the
Green Mountains and Hudson Highlands by
uranium-lead and related methods (Tilton and
others, 1960, p. 4175; Faul and others, 1963, p. 3, 7).
Determinations by rubidium-strontium and
potassium-argon methods on rocks in the uplifts and
southeastward yield mainly ages of about 360 m.y.
that express the time of Paleozoic metamorphism,
but there is a scatter of intermediate dates that ex-
press either genuine events, or a resetting of original
Grenvillian ages by the later metamorphism (Long
and Kulp, 1962, p. 984-987).

PRECAMBRIAN Z OF EASTERN PART

None of the Precambrian Y basement is found east
of the Connecticut Valley, but younger Precambrian
is mapped in widely separated areas in eastern New
England. In western Maine the oldest rocks of the
Boundary Mountains anticlinorium form the Chain
Lakes massif, and are largely highly metamorphosed
paragneiss, quartzite, and amphibolite. They are cer-
tainly pre-Ordovician and might be Cambrian, but a
Precambrian? age has been suggested for them
(Boone and others, 1970, p. 11); on the Geologic Map
they are indicated as Z with a metamorphic over-
print. Farther southeast in Maine, near Islesboro on
an island in Penobscot Bay, metamorphic rocks in a
small horst have yielded a 900 m.y. date by
rubidium-strontium methods and are cut by 600
m.y.-old pegmatites (Stewart, 1974, p. 89-90); they are
likewise mapped as Precambrian Z.

In Rhode Island and southeastern Massachusetts,
adjoining the Pennsylvanian Narragansett basin, is a
much larger area of late Precambrian rocks. It in-
cludes on the east the Dedham Granodiorite and on
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F1cURE 9.—Map showing part of the Green Mountain uplift in south-central Vermont, and the Athens and Chester domes east
of it, showing superposition of north-south Paleozoic (= Appalachian) trends on east-west Precambrian trends (mainly
Grenvillian). Generalized from Geologic Map of Vermont (1961).

the west various granitic orthogneisses (Milford,
Northbridge, Scituate, etc.). A key locality for
stratigraphic relations is Hoppin Hill, Mass., near
the northeastern corner of Rhode Island, where fos-
siliferous Lower Cambrian strata lie on the eroded
surface of granodiorite (Dowse, 1950); however, the
old rocks of the hill are separated from the rest by

Pennsylvanian cover. Radiometric determinations by
the rubidium-strontium method on the Dedham:
Granodiorite and Northbridge Gneiss yield ages of
591 and 569 m.y. respectively; the granodiorite at Hop-
pin Hill yields an age of 514 m.y. but this may have been
downgraded during the pre-Paleozoic weathering. The
true age of all the granitic rocks in the area may be near
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570 m.y. (Fairbairn and others, 1967, p. 324); they are
represented on the Geologic Map as Zg.

Large enclaves in the orthogneisses west of the Nar-
ragansett basin are an earlier supracrustal sequence,
the Blackstone Series which is 15,000 ft (4,500 m) or
more of schist, quartzite, and greenstone (Quinn, 1971,
p- 8-14); like the plutonic rocks, the supracrustal rocks
are included in Precambrian Z.

THE AVALONIAN BELT

The Precambrian rocks of southeastern New Eng-
land are an extension of those of the Avalonian belt
(= Avalon platform) of the Appalachian province in
Canada—a domain of late Precambrian (Z) supra-
crustal and magmatic rocks and events different
from those farther northwest—typified in the Avalon
Peninsula of southeastern Newfoundland, but rep-
resented also in Cape Breton Island and southeastern
New Brunswick (Poole and others, 1970, p. 231-235;
Rodgers, 1972, p. 512-514). In Newfoundland the belt
includes basal volcanics intruded by the Holyrood
Granite, followed by a thick sequence of clastic de-
posits, the whole overlain unconformably by the
Lower Cambrian; the granite has been dated at 575
m.y. (later recalculated at 610 m.y.). An “Avalonian
orogeny” has been postulated between the granite
and volcanics and the succeeding clastic deposits
(Poole and others, 1970, p. 232-233), but relations
have been plausibly reinterpreted as a product of
volcanic and depositional events, punctuated by local
disturbances, that do not express an “orogeny” in the
usual sense (Hughes, 1970; Hughes and Briickner,
1971).

Nevertheless, the term “Avalonian” is appealing
and is widely used, in the same manner as the term
“Grenvillian” discussed earlier (footnote 7). It can
appropriately be applied to a terrane of well-
characterized rocks and structures of late Precam-
brian and early Paleozoic age in eastern Canada and
the United States, whether or not this involves a
narrowly defined “Avalonian orogeny.” In the north-
western part of the Appalachian region, Lower
Cambrian strata with an Olenellus fauna lie on a
1,100-m.y.-old Grenvillian basement. By contrast, in
the Avalonian belt to the southeast, Lower Cambrian
strata with a Paradoxides fauna lie on a 600-m.y.-old
Avalonian basement (Wilson, 1969, p.282). The
Cambrian of the Avalonian belt is much more akin
to the Cambrian of the southern British Isles and
western Europe than to the Cambrian of the remain-
der of North America (Palmer, 1967, p. 143-144),
suggesting that the belt may be an extension of its
trans-Atlantic counterparts which was joined to
North America by plate collision during Paleozoic
time.

South of New England the Avalonian belt seem-
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ingly extends into the metamorphic rocks of the
Piedmont province and their buried extensions be-
neath the Atlantic Coastal Plain (p. 39).

CENTRAL AND SOUTHERN APPALACHIAN REGION®

In the Central and Southern Appalachians, the
principal occurrence of identifiable Precambrian
rocks is in the Blue Ridge province, a mountainous
belt that lies between the Valley and Ridge province
and the Piedmont province from southern Pennsyl-
vania to northern Georgia. No Precambrian rocks are
exposed in the Valley and Ridge province, but dated
Precambrian emerges in some of the higher uplifts of
the Piedmont province, and Precambrian is probably
also included in the undeciphered metamorphic com-
plex (m) of the inner Piedmont and the less-metamor-
phosed strata of the Carolina Slate Belt.

Compared to the Canadian Shield, all the Pre-
cambrian of the Central and Southern Appalachians
is rather young. Even its crystalline basement yields
dates no earlier than Grenvillian, and is accordingly
classed as Precambrian Y. The great body of supra-
crustal rocks above it is therefore Precambrian Z, and
is, in fact, the greatest development of this division
in the United States, even exceeding that in the
western Cordillera (fig. 5).

In the Central and Southern Appalachians, as in
the Northern, the Precambrian is heavily involved in
the Paleozoic orogenies. The basement, which
underwent deformation during the Grenvillian event,
was reworked and its metamorphic fabric retro-
graded. By contrast, the Precambrian supracrustal
rocks were not significantly deformed during Pre-
cambrian time, and owe all their present structural
and metamorphic complexities to deformations dur-
ing the Paleozoic.

BLUE RIDGE BELT

The northern segment of the Blue Ridge is an
anticlinorium, vergent westward, about 15 mi (25
km) broad near the Potomac River, but widening
southward. In central Virginia low-angle thrusts ap-
pear along its northwestern border, and the belt be-
comes increasingly allochthonous. The extent of
transport on the thrusts in the Tennessee-North
Carolina segment is suggested by windows southeast
of their leading edges, notably the Grandfather
Mountain window on the southeastern side of the
belt. From North Carolina to the edge of the Coastal
Plain in Alabama the southeastern tectonic boundary
of the Blue Ridge belt is the Brevard zone of high-
angle faults.

The Precambrian of the Blue Ridge is overlain by
Paleozoic geosynclinal deposits, the belt marking the

8For details available through 1966, see King (1970, p. 17-54); the present account in-
cludes later observations and revisions
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approximate boundary between their miogeosynclinal
and eugeosynclinal parts. Along the northwestern
flank the basal miogeosynclinal deposits are the
Lower Cambrian quartzites and clastics of the
Chilhowee Group (€q), whose mature sediments con-
trast with the immature sediments of the Precam-
brian supracrustal sequence (Z). In places the
Chilhowee transgresses across them onto the base-
ment (Y), perhaps because this flank of the Blue
Ridge was near the original northwestern limit of
the Precambrian supracrustal rocks. The contrast
fades on the southeastern flank of the Blue Ridge,
where the Precambrian supracrustal rocks and the
Paleozoic eugeosynclinal rocks (€e) are more alike
and more accordant (fig. 10).

PRECAMBRIAN Y

In the Maryland-Virginia segment of the Blue
Ridge the basement of the anticlinorium is a plutonic
complex (Ygn) of granodioritic and granitic ortho-
gneisses and migmatites, with one small body of anor-
thosite (Ya). Traces of earlier host rocks of undeter-
mined age occur in places, nearly destroyed by
granitization. All the complex is hypersthene-bearing
and charnockitic, and underwent metamorphism to
granulite grade during the Grenvillian event. The
plutonic basement extends southwestward into the
Tennessee-North Carolina segment to form the
Cranberry, Max Patch, and similar gneisses.

Radiometric determinations on rocks of the com-
plex in northern Virginia yield dates by uranium-
lead and related methods of 1,070-1,150 m.y., and by
rubidium-strontium and potassium-argon methods of
880 and 800 m.y., respectively; similar results have
been obtained in the Tennessee-North Carolina seg-
ment (Tilton and others, 1960, p. 4175-4176). In the
latter segment rubidium-strontium whole-rock de-
terminations on many of the basement units yield
ages between 1,025 and 1,250 m.y. (Fullagar and
Odom, 1973, p. 3076-3077); it is suggested that the
basement is a 1,200-1,300-m.y.-old crust that was
remobilized during the Grenvillian event 1,050 m.y.
ago, without the addition of new material.

Distinctions between the basement and its cover
become blurred farther southwest, in the border re-
gion of North Carolina and Georgia (fig. 7). The
rocks have passed into the high amphibolite (sil-
limanite) phase of Paleozoic metamorphism (Hadley
and Nelson, 1971), and are thrown into large-scale
recumbent folds or nappes (Hatcher, 1971, p. 41-42;
1973, p. 683). On the Geologic Map, considerable
areas are shown as Precambrian Y (paragneiss and
schist, Ym), based on the best information available
in 1971, but this will require revision on the basis of
later work, in part still in progress (for example,
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Hatcher, 1973.) Much of the Ym unit on the map is
biotite gneiss and interbedded amphibolite, which is
probably a lower unit of Precambrian Z. True base-
ment is probably represented by the Whiteside Gran-
ite and related rocks, but even these are in the cores of
nappes, and rootless in part.

On the northwest edge of the Blue Ridge belt near
Cartersville, Georgia, the Corbin Granite (gneiss)
has sometimes been interpreted as a Paleozoic intru-
sive, but uranium-lead determinations on zircons
show that it has an age of 1,100 m.y. (Odom and
others, 1973); it and probably the adjacent Salem
Church Granite are therefore basement to the sur-
rounding Precambrian Z Ocoee Supergroup. Farther
southwest, near the edge of the Coastal Plain in
Alabama is the Kowaliga Gneiss (= “biotite augen
gneiss” of the Alabama State Map of 1926), which
was proposed as basement rock (Bentley and Neath-
ery, 1970, p. 19-20) and is so represented on the
Geologic Map; however, radiometric determinations
yield ages no greater than 550 m.y., so this assign-
ment is suspect.

PRECAMBRIAN 7

The supracrustal rocks of the Blue Ridge belt lie
unconformably on the deeply eroded surface of the
basement—the greatest structural break in all the
Appalachian stratified sequence below the base of the
Triassic. Although this relation is fundamental to
the Precambrian geology of the region, it was curi-
ously misapprehended for a long period; in the
northern Blue Ridge the plutonic rocks were thought
to intrude the supracrustal rocks, and were so rep-
resented on the Geologic Map of the United States of
1932. It was not until much later that Jonas and
Stose (1939) deduced the true relation, a deduction
abundantly confirmed by subsequent investigations.

The supracrustal rocks are an extensive and varied
suite, broadly of the same age, although not all their
mutual relations have been determined with cer-
tainty. Volcanic rocks are common in the northwest
and north, but most of the remainder are immature
clastic sedimentary rocks.

In Maryland and northern Virginia, the dominant
supracrustal unit on the northwestern flank of the
Blue Ridge is the Catoctin Greenstone (Zv), a body of
mafic lava as much as 5,000 ft (1,500 m) thick, origi-
nally basaltic, into which felsic lavas interfinger
northward. The mafic lavas were spread out in flows
several hundred feet thick, under terrestrial condi-
tions; many of them are amygdaloidal and some of
them contain well-preserved columnar jointing (Reed,
1969, p. 21-32). Between the lavas and the eroded
surface of the basement is commonly a thin sedimen-
tary layer (Swift Run Formation) (fig. 10).
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Across the anticlinorium to the southeast, the lower
sedimentary unit expands into the Lynchburg For-
mation (Z), a mass of medium- to coarse-grained tur-
bidites at least 10,000 ft (3,000 m) thick, with lenses
of bouldery conglomerate in the lower part derived
from the plutonic basement (Rockfish Member). The
Catoctin lavas thin out above the Lynchburg, but are
the principal marker for separating it from the simi-
lar and apparently conformable Cambrian eugeosyn-
clinal deposits (€e, Evington Group) (fig. 11). Rela-
tions on the southeastern flank of the anticlinorium
are obscured by the higher grade of Paleozoic
metamorphism (amphibolite grade) and many of the
rocks are schistose or gneissic.

Farther southwest in the Blue Ridge, near the
Virginia-North Carolina boundary, volcanic rocks are
again prominent on the northwestern flank (fig. 12).
Thick bodies of rhyolite form the middle part of the
Mount Rogers Formation, and both rhyolite and
basalt occur in the Grandfather Mountain Formation
(in the Grandfather Mountain window, hence also of
northwestern facies). Congeneric with the volcanics
is the Crossnore Plutonic Group, which includes
many moderate-sized granitic plutons (Zg) that are
embedded in the adjacent basement rocks. These
southwestern volcanics are associated with greater
volumes of clastic sediments than are those of the
Catoctin. The upper sedimentary unit of the Mount
Rogers Formation includes red, rhythmically bedded
siltstone, and coarse diamictite formed of boulders of
the basement plutonics, very much like the late Pre-
cambrian diamictites in several parts of the Cordil-
lera to which have been ascribed a glacial origin
(Rankin, 1970, p. 232).

On the southeastern flank of the Blue Ridge, the
broad band of metasedimentary supracrustal rocks
continues from the Lynchburg area through southern
Virginia into North Carolina. In the latter segment
it is the Ashe Formation (Rankin, 1970, p. 232-233),
a thick mass of fine- to medium-grained biotite-
muscovite gneiss; with interbedded amphibolite (Zv),
especially in the lower part, that originated from
mafic volcanic rocks. In the Spruce Pine pegmatite
district, North Carolina, west of the Grandfather
Mountain window, the Ashe lies in a southwest-
plunging synclinorium, in the keel of which, on the
heights of Mount Mitchell, it is overlain by rocks
lithically like the Great Smoky Group of the Ocoee
Supergroup (Hadley, 1970, p. 249).

The Ocoee Supergroup (Z) dominates the south-
western segment of the Blue Ridge belt, extending
along its strike for more than 175 mi (280 km), from
Asheville, North Carolina, to Cartersville, Georgia,
and across it for 40 mi (65 km) or more; it projects in
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high ranges, such as the Great Smoky Mountains
(King and others, 1968, p. 3-9) (fig. 13). The Ocoee is
a great mass of nonvolcanic clastic sedimentary
rocks; partial sequences as much as 25,000 ft (7,600
m) thick have been observed but the total is unde-
termined. Along its southeastern side the Ocoee lies
unconformably on the basement orthogneisses and
paragneisses (Ygn, Ym); on its northwestern side it
is succeeded disconformably by the Chilhowee Group
(€q); also, a belt of synclinally infolded younger
rocks near its center (1P) includes the Murphy Mar-
ble that contains sparse lower Paleozoic fossils
(McLaughlin and Hathaway, 1973).

The Ocoee has been divided into the contrasting
Walden Creek, Snowbird, and Great Smoky Groups
(not differentiated on the Geologic Map but shown in
fig. 13), which evidently formed in different parts of
the original sedimentary basin, but they have been
so telescoped by Paleozoic thrusting that most of
their original relations to each other are now lost. In
places one of the groups can be found in sequence
with another, but it is likely that all of them were
extensively intergradational. The varied clastics of
the Walden Creek probably formed on an unstable
shelf along the northwestern margin of the basin; the
Snowbird is an intermediate facies; and the Great
Smoky is a deepwater continental rise deposit. Much
of the Great Smoky is a medium- to coarse-grained
quartz-feldspar turbidite with prominent graded bed-
ding, with which thin to thick units of dark sulfidic
argillaceous rocks are interbedded.

South of the main Ocoee area, along the southeast-
ern edge of the Blue Ridge belt, strips of paraschist
and paragneiss altered from rocks like the Great
Smoky extend to the Coastal Plain border in
Alabama, where they are the Heard Group of
Bentley and Neathery (1970, p. 14-18). Associated
with them, and mainly underlying them, are biotite
gneisses and interbedded amphibolites, sometimes
called Precambrian Y basement (p. 31), but more
likely comparable to the volcanic rocks in the lower
part of the Ashe Formation farther northeast.

An exceptional feature in northeastern Georgia is
the Tallulah Falls dome, exposing a quartzite formed
of nearly pure siliceous sand; following a suggestion
of Burchfiel and Livingston (1967, p. 252) we have
speculatively correlated it on the Geologic Map with
the Lower Cambrian Chilhowee Group (€q). How-
ever, Hatcher (1973, p. 683) interprets the dome as a
culmination in a much broader recumbent nappe,
and considers the quartzite to be a unit near the
middle of the Precambrian Z sequence.

Although the general position of the Precambrian
Z supracrustal rocks of the Central and Southern
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Appalachians between their Precambrian Y (Grenvil-
lian) basement and the Lower Cambrian is plain, the
precise stratigraphic positions and ages of the differ-
ent parts are as yet uncertain. The sediments of the
Ocoee Supergroup, for example, contain detrital zir-
cons with lead-alpha dates of 820-1,000 m.y. (Carroll
and others, 1957, p. 186-188), which express merely
the age of the basement from which they were de-
rived; other dates from the Ocoee are around 350
m.y. and record the age of their Paleozoic
metamorphism (Kulp and Eckelmann, 1961, p. 410
413). Even fewer data are available for the other
sedimentary components of Precambrian Z, such as
the Lynchburg and Ashe Formations.

The most specific information on the age of the su-
pracrustal sequence has been obtained from
uranium-lead determinations on zircons from the fel-
sic volcanic rocks, which indicate an original age of
820 m.y. and an episodic lead loss at 240 m.y. (the
latter probably at the time of the Appalachian
orogeny) (Rankin and others, 1969). Dated specimens
were obtained from felsic volcanics associated with
the Catoctin Greenstone in southern Pennsylvania,
from the Mount Rogers Formation in Virginia, and
from the Grandfather Mountain Formation in North
Carolina. No determinations are possible by this
method on the mafic volcanics, but by extrapolation
the 820 m.y. age probably applies to the Catoctin
Greenstone as well; as indicated earlier, the Catoctin
overlies the sedimentary part of the supracrustal
sequence (Swift Run and Lynchburg) in the northern
Blue Ridge, and thus sets a terminal date for Pre-
cambrian Z in this segment. The similar ages from
the Mount Rogers and Grandfather Mountain For-
mations farther southwest are less decisive, as their fel-
sic volcanics lie farther down in the local sequences.

PRECAMBRIAN OF PIEDMONT PROVINCE

The extensive Piedmont province southeast of the
Blue Ridge belt is a domain of crystalline rocks that
were mobilized and subsequently consoldiated during
the orogenies of Paleozoic time. In this respect it resem-
bles the crystalline area of New England in the North-
ern Appalachians, but whereas the stratigraphic se-
quence in New England is now fairly well known, much
of that in the Piedmont is still poorly understood. Rep-
resentation of the Piedmont province on the Geologic
Map was assembled from the best data available in
1971, but investigations are actively in progress which
will modify this representation in many places.

Precambrian basement rocks, the Baltimore Gneiss
(Ygn), form the cores of half a dozen mantled gneiss
domes in eastern Maryland and adjacent Pennsylvania
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that have risen steeply into the supracrustal eugeosyn-
clinal rocks of the Glenarm Series (€e). Radiometric
determinations on zircons from the gneiss by uranium-
lead and related methods yield ages of 1,000-1,100 m.y.,
whereas biotite from the gneiss yields rubidium-
strontium and potassium-argon ages of 300-400 m.y.,
expressing the time of Paleozoic metamorphism (Tilton
and others, 1958).

At the northern edge of North Carolina, north of
Winston-Salem (fig. 12), is the Sauratown anti-
clinorium, more than 50 mi (80 km) long and 15 mi (25
km) broad, whose core exposes biotite gneiss and schist,
and minor granitic gneiss, which are flanked by Pre-
cambrian Z Ashe Formation. The granitic rocks of the
core have yielded an age of 1,192 m.y. by lead-lead
determinations on zircons (Rankin and others, 1973,
p. 19).

The only proved basement rocks farther southwest in
the Piedmont province are the Woodland Gneiss and
Jeff Davis Granite near Warm Springs, western Geor-
gia, which have yielded uranium-lead ages of 1,000 m.y.
(Odom and others, 1973; Sandrock and Penley, 1974).
They lie beneath, but may intrude a metasedimentary
sequence shown as Z and 1B on the Geologic Map. All
these are components of the Wacoochee belt which is
bordered on both north and south by major faults, so
that their relations to the adjacent Piedmont rocks on
each side is undetermined.

Most of the country rock of the Piedmont province
(aside from the abundant plutons) is shown on the
Geologic Map as unclassified metamorphic complex (m)
and as Cambrian eugeosynclinal deposits (€e,€v). In
North and South Carolina and adjacent States the
eugeosynclinal deposits are the low-grade metamorphic
sedimentary and volcanic rocks of the Carolina Slate
Belt. The metamorphic complex, distinguished by its
higher metamorphic grade, is partly equivalent, but
may probably be partly older. The rocks of the Slate Belt
are shown as Cambrian on the map mainly on the basis
of the occurrence of Middle Cambrian Paradoxides in
southern North Carolina, but the sequence evidently
contains older components. Farther north, Lynn Glover
IIT and his associates have found Ediacaran (= Ven-
dian) type fossils at a locality on the Little River 12
miles north of Durham, N.C. They are the imprints of
soft-bodied wormlike animals, preserved on bedding
surfaces of the volcaniclastic strata. Comparable fossils
occur in the Precambrian Z Conception Slate of the
Avalon Peninsula, southeastern Newfoundland. At the
north end of the Slate Belt in southern Virginia the
Slate Belt rocks, the adjacent gneisses, and the as-
sociated intrusives have yielded an array of dates by
uranium-lead methods ranging from 575 to 620 m.y.,
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suggesting an event of supracrustal accumulation, i
magmatic activity, and mild deformation near or a little |
before the beginning of the Cambrian (= Virgilina de-
formation of Glover and Sinha, 1973, p. 247).

These features have little resemblance to the late
Precambrian-Early Cambrian features to the north-
west in the Blue Ridge province, but the precise limits of
the two terranes are still uncertain. In part of North
Carolina they are juxtaposed along the Brevard zone,
but in other places, as noted above, Grenvillian base-

84°
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ment and its supracrustal cover extends into the north-
western part of the Piedmont. Be that as it may, the late
Precambrian-Early Cambrian rocks and events in the
Piedmont most closely resemble those of the Avalonian
belt farther northeast in the Appalachians (p. 33; Rod-
gers, 1972, p. 514-516). Like them, the Piedmont rocks
may have formed in a realm far away from the north-
western belts of the Appalachians and were brought
against them by plate collision during Paleozoic time
(Odom and Fullagar, 1973, p. 140-146).
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FicUre 13.—Map of southwestern end of Blue Ridge belt in southern North Carolina and Tennessee, and northern Georgia, showing
Ocoee Supergroup, its subdivisions, and related rocks of Precambrian Z, as well as their Precambrian Y basement. Compiled
from State geologic maps, Hadley and Nelson (1971), Hurst (1973), Hatcher (1973), and other sources.
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SOUTH-CENTRAL UNITED STATES?

The wide Interior Region of the United States, be-
tween the Appalachian and Cordilleran orogenic belts,
is a domain of little deformed Phanerozoic rocks a few
hundred to many thousands of feet thick, through which
their basement emerges only in small, widely separated
areas. In the southern part of the region the principal
basement exposures are in the Ozark uplift of Missouri,
the Arbuckle and Wichita Mountain uplifts of southern
Oklahoma, and the Llano uplift of central Texas.

?For a summary of information available through 1966, see Flawn and Muehlberger (1970,
p. 73-143); additional data on geochronology and subsurface relations are given by
Muehlberger, Hedge, Denison, and Marvin (1966).
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Elsewhere, especially in Kansas, Oklahoma, and Texas,
drilling has penetrated the basement in many places,
and affords information on the extent of the various
units beyond their outcrops. Stratigraphic relations and
radiometric dating indicate a Precambrian age for all
the basement rocks, except those in the Wichita Moun-
tain area, which are Early Cambrian (€g).

OZARK AREA

On the crest of the Ozark dome, in the St. Francois
Mountains of southeastern Missouri, Precambrian
rocks are exposed in an area of about 600 mi? (1,550
km?2). At the beginning of the Paleozoic transgression
they projected in a rough terrain with as much as 2,000
ft (600 m) of relief, which was buried and variously
overlapped by Upper Cambrian and Lower Ordovician
deposits; present outcrops result from partial exhuma-
tion of this terrain.10

The southwestern and larger part of the St. Francois
Mountains is formed of stratified rhyolite and other
felsic volcanic rocks (Yv), mainly flows but with inter-
bedded tuff and breccia, dipping at low angles in various
directions. The northeastern part of the mountains con-
sists of several varieties of granite (Yg1). The granites
intrude the volcanics, probably in thick sills at shallow
depths in the crust, but both granites and volcanics are
compositionally much alike, and both yield ages of
about 1,500 m.y. by uranium-lead methods (Bickford,
1972). They thus express a closely related set of events,
the “St. Francois igneous activity” (Muehlberger and
others, 1966, p. 56313). Rubidium-strontium ages are
consistently lower, and may record a minor later event
at about 1,300 m.y.
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